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This subj ect, Urban W et-Weath er Flows, w as comprised of three basic subareas, i.e., combined-sewer overflows

(CSO) , sanitary-sewer o verflows (SS O), and sto rmwater d ischarges. M ajor confe rence pro ceedings re lated to wet-

weather flow (WWF) published during 1999 were: (1) National Conference on Retrofit Opportunities for Water

Resource Protection in Urban Environments (EPA, 1999); (2) Comprehensive Stormwater & Aquatic Ecosystem

Management, Auckland, New Zealand (NZ WW A, 1999); (3) the Eighth International Conference on Urban Storm

Drainage, Sydney, Australia (Joliffe and Ball, 1999); (4) Water Environment Federation 72nd Annual Conference and

Exposition, New Orleans, LA (WEF, 1999); (5) American Society of Civil Engineers 26th Annual Conference, Water

Resources Planning and Management, Tempe, Arizona (ASCE, 1999); (6) American Water Resources Association

1999 A nnual W ater Resou rces Con ference – W atershed M anageme nt to Protec t Declining S pecies, Sea ttle, WA

(AWRA , 1999); and (7) New Applications in Modeling Urban W ater Systems, Guelph, Canada (James, 1999).

Sullivan and Field (1999) presented an overview of the Environmental Protection Agency’s (EPA’s) WWF research

program, which was expanded in October 1995 with the establishment of the Urban Watershed Management Branch

at Edison, New Jersey.  Research priorities for 1999 were presented as well as efforts to collaborate with other

government organ izations and professional societies.  W atershed managem ent research at ORD ’s National Risk

Management Research Laboratory (NRMRL) addressed the following question: what effective watershed

managem ent strategies we re available a nd how d o comm unities select the m ost appro priate subse t from these to

match specific watershed needs? (Borst and O’Shea, 1999).  Heaney et al. (1999a) presented the results of a national

assessment of research needs in urban WWF management. Three interrelated categories of urban WW F management

were discussed: CSO , SSO, and urba n stormwater discharges.

CHARACTERIZATION

Rainfall Monitoring and Urban Hydrology 
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James and Johanson (1999) examined simplified, nondeterministic theories regarding the link between rainfall at the

ground surface and the resulting runoff. They showed that linear unit hydrograph theory overlooks the inherent

non-linearity in the time dimension of the process. A modified approach, the initial storage theory (IST), was

therefore p roposed  and tested in th e laborato ry. They co ncluded th at the IST w as an impro vement ov er the basic un it

hydrograph method. Pitt (1999) reports that different drainage design criteria and receiving water use objectives

often require the examination of different types of rains for the design of urban drainage systems. These different

(and often conflicting) objectives of a stormwater drainage system can be addressed by using distinct portions of the

long-term rainfall record. Most of the urban hydrology methods currently used have been successful for large

“design” stor ms, but were  inapprop riate for use wh en evaluating  many water q uality problem s. 

Rainfall errors and flow forecasting. Kawagu chi et al. (1999 ) presented  a case study o f short-term rainfa ll

characteristics  that showed  considera ble change s in rainfall intensity durin g the past 40  years, where the  20-minute

rainfall intensity having a 10-year return period increased by 20 mm/hr. This increase in the design storm

characteristics has a profound effect on the performance of urban drainage systems. Fo and Crawford (1999)

examined  rainfall data hav ing a 2 km x 2  km grid reso lution over tim e intervals of 15 , 30, 60, an d 120 m in. to

quantify runoff prediction errors in Oklahoma. They found that the test watershed had an average underestimated

rainfall error of about 28  % which resulted in significant prediction errors when modeling stream flows in the Dry

Creek watershed in north-central Oklahoma. Fo et al. (1999) further described new forecast systems using high-

resolution rainfall data-sets from the WSR-88D radar system, the Oklahoma Mesonet, and the Oklahoma Local

Analysis and Prediction System (OLAPS). They found that because of the lag time between the peak in precipitation

and the peak in stream-flow in Dry Creek, the greatest impact upon the accuracy of hydrologic forecasts resulted

from impro vements in an alyzing the pre cipitation da ta. 

Krejcik et al. (1999a, 1999b) described rainfall data monitoring needs for urban drainage design in the Czech

Republic. The y verified the need for a high-density network of rain gau ges for sewer system design and e valuations,

especially when using single-event simulations. The need for high-resolution data was not as great when conducting

long-term simulations and when preparing statistical evaluations of the modeling results. Willems et al. (1999)
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examined intensity/duration/frequency (IDF) relationships for different types of storms and seasons in Belgium. For

every re-occurrence time period between 10 min. and 15 days, they identified two separate distributions, one

associated  with convec tive thundersto rms and the  other with cyclo nic/frontal storm s. 

Nguyen a nd Nguye n (1999 ) presented  a scaling app roach for e stimating the distrib ution of short d uration rainfall

extremes (e.g., less than 1 hour) from rainfall data having longer durations (e.g., 1 day), using recently developed

“scaling” theory. The scaling concept implies that statistical properties of the extreme rainfall processes for different

tempora l scales were re lated to eac h other by a sc ale-changing  operator  involving on ly the scale ratio. R ainfall

monitoring with radar. In spite of the highly positive outlook of the obvious benefits, Einfalt and Maul-Kotter (1999)

were concerned about the lack of a standard for the use of radar-based precipitation measurements in conjunction

with hydrolo gic mode ls. They des cribed cu rrent efforts by the  State Enviro nmental Ag ency in No rth

Rhine-Westphalia, Germany, to investigate the possibilities of developing a standard for radar data use from the

German Weather Service for standard hydrological watershed modeling.

Faure et al. (1999) described some limitations for using radar rainfall data to aid sewage system management. They

concluded that weather radar seems an important tool in evaluating the spatial structure of rain and in anticipating

very short-term changes in precipitation over an urban area. However, the rainfall variability in space and time

restricts the accurate forecasting period. In order to quantify the ability of radar data for forecasting, they examined

the forecasting range limits for typical urban catchment areas (1 to 180 km2) in Nancy, France. They found that the

limits varied greatly according to the rain conditions, leading them to propose a sewage system management strategy

based on predefined management scenarios and real time identification of the type of the rain event. Koishikawa et

al. (1999) also examined the application of rainfall radar information for use with operational support systems used

for urban drainage facilities. They found that in order to be effective, the radar rainfall data must be collected

accurately an d with high reso lution in both tim e and spa ce. They d emonstrate d increases  in the accurac ies of runoff

simulation modeling when adequate radar rainfall data were used. Vivekanandan et al. (1999) studied the influence

of terrain on ra infall estimates from  radar for a se vere storm n ear Denv er, Colora do. Estima tes of rain intensities in

areas having low or high beam-blockage were compared. They found that specific propagation phase-based
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quantitative precipitation estimates tend to be less influenced by terrain than reflectivity-based precipitation

estimates, as they h ad hypoth esized. 

Urban hydrology. Becker et al. (1999a) described the results of detailed field studies investigating lateral flow

along differen t pathways, esp ecially along hillslo pes at small ca tchment scale s. Grimmo nd and O ke (199 9) directly

measured detailed evapotranspiration mechanisms for urban areas and found that evapotranspiration varied for

different land uses and land covers. Hakonson (1999) studied the effects of the burrowing of pocket gophers and

vegetative covers on water runoff amounts and erosion losses and resulted in large decreases in runoff and erosion,

while vegetation alone slightly decreased runoff but also greatly decreased erosion. Nagasaka and Nakamura (1999)

examined the influences of landuse changes on the hydrologic response and the riparian environment in a northern

Japanese area. Temp oral chang es in a hydrolo gical system and  riparian eco system were e xamined w ith reference to

landuse conversion in order to clarify the linkages between the two. The results indicated that the hydrological

system has been altered since the 1970s, with increasing flood peaks of 1.5-2.5 times and shortening the time of peak

flow appearances by 7 hours. The ecological systems were closely related to and distinctly altered by the changes

that have oc curred in the  local landus e.  

During stud ies in Scotland , Soulsby et al. (1 999) fou nd that 18O was a useful tracer to indicate the relative influence

of spring snowmelt and summer rainfall on stream waters along with their mean residence times. Preliminary

estimates of the various waters’ residence times in the catchments were < 0.5 year for near-surface soil water and

storm runoff, 2.5 years for shallow groundwater, and >5 years for deeper groundwaters. The effects of frozen soil on

snowmelt ru noff in Verm ont were stud ied by Sha nley and Ch almers (19 99). Th e depth o f the soil frost varied  greatly

during the 15 years of observation, with annual maximum frost depths varying from 70 to 390 mm. The enhancement

of runoff due to soil frost was most evident on small plots and during extreme events, such as when rain occurred on

frozen, snow -free ground . 

Quality

Fluxes of tota l phospho rus (P), total p hosphate , and total org anic P from  seven small wa tersheds on  the Atlantic
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Coastal Plain of Maryland for up to 25 years were reported by Correll et al. (1999a, 1999b, 1999c, and 1999d),

indicating cro pland wate rshed’s P flux  were much  higher than for ested waters hed and in creased sig nificantly with

precipitation. The Bear Brook Watershed in M aine (BBWM ) was the sight of a paired watershed study in which the

West Bear (W B) catchment was being artificially acidified with 1,800 eq ha-1 y-1 of (NH4)2SO4 resulting in chang es in

the soil and stre am chem istry, while the East B ear (EB ) serves as the c ontrol (N orton et al., 19 99).  P ch emistry in

streams was evaluated at the pair watershed study at the BBWM, indicating the export of Al and P was greater from

the treated watershed because the induced acidification was translocating more Al from soils to the streams and the

export of P was related to acid-soluble Al particulate material (Roy et al., 1999).  One hundred and sixty-two

rainfall-induced soil erosion tests were conducted to assist in predicting soil loss and subsequent increase in total

suspended solids, indicating soil loss was dependent upon rainfall intensity, and the soil’s shear and compressive

strength (Liu et a l., 1999). A fter six years of mo nitoring flow an d water qu ality Jaynes et al. (19 99) con clude nitrate

appears to be the primary agriculturally related pollutant of concern in Walnut Creek, California thus management

practices designed to reduce NO3 leaching from fields and increase removal within the watershed/stream system

should receive primary consideration.

The impact of experimental watershed acidification on xylem cation chemistry was evaluated in eight species at two

sites in West Virginia (Clover Run and Fernow) and one site in Maine, BBWM.  Experimental watershed

acidification or N saturation using applications of (NH4)2SO4 equivalent to  twice the norm al annual wet p lus dry N

and S deposition caused base cation mobilization followed by depletion that was detectable in sapwood xylem after

about 8 yr. o f treatment (D eWalle  et al., 1999 ). Water s amples we re collected  from four loc ations within the M unnell

Run Watershed in Mercer County, Pennsylvania, and analyzed for fecal coliforms by MPN and enteric phages by

plaque assay using Salmonella typhimurium WG 49 and Bacteroides fragiles HSP 40 as hosts.  The presence  of host

specific pha ges indicate the  existence of se ptic discharg es in the watersh ed, but bo th fecal coliform s and enteric

viruses persist in stre am systems, esp ecially during the  summer m onths (Bre nner et al., 199 9). 

Analysis of patterns in pesticide use revealed that concentrations of herbicides and insecticides in agricultural

streams, and in most rivers in agricultural regions, were highe st in those areas of the nation with the greatest
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agricultural use.  More than 95  % of the samples collected from streams and almost 50 % of samples collected from

wells contained at least one pesticide (Gilliom et al., 1999). Sixteen largely agricultural watersheds in the upper

portion of the North Bosque River of central Texas were reported by McFarland and Hauck (1999).  The proportion

of total P (T P) in runoff re presented  by soluble re active P (S RP) also  increased a s the percen t of dairy waste

application  fields above  a sampling site in creased.  

The comp osition and morpho logy of colloidal materials entering an urba n waterway (Brays Ba you, Houston, T exas)

during a storm event was investigated. Analyses of organic carbon, Si, Al, Fe, Cr, Cu, Mn, Zn, Ca, Mg, and Ca were

performed on the fraction of materials passing through a 0.45 :m filter. This fraction, traditionally defined as

"dissolved ", was further fra ctionated b y ultra-centrifugatio n into colloid al and disso lved fraction s (Grout et a l.,

1999). In the Kerault Region of France, the effects of pollution were studied using solid matter from a section of the

A9 moto rway. This stud y analyzed b oth settled sed iments from c ollecting basin  and chara cteristics of sedim ents in

the water column during and after eight storm events between October 12, 1993, and February 6, 1994. Settled

sediments were used to measure particle sizes, mineral content, and related characteristics, whereas water samples

were used to document total suspended solids, mineral content, and heavy metals (Andral et al., 1999).

Waters adjacent to the County of Los Angeles, California receive untreated runoff from a series of storm drains year

round, in which persons swim there were  exposed to these untreated waters. Measures of exposure included distance

from the storm drain, selected bacterial indicators (total and fecal coliforms, enterococci, and Escheric hia coli ), and

a direct measure of enteric viruses. It was found higher risks of a broad range of symptoms, including both upper

respiratory and gastrointestinal, for subjects swimming (a) closer to storm drains, (b) in water with high levels of

single bacterial indicators and a low ratio of total to fecal coliforms, and (c) in water where enteric viruses were

detected (Haile et al., 1999).  Particulate fluxes of aliphatic and aromatic hydrocarbons were measured with a

sediment trap moored at 80 m depth offshore of Monaco (200 m water column) during an 18-month period (Raoux et

al., 1999). Timperley (1999) described the concepts of chemical bioavailability and its relevance to urban

stormwaters and streams.
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Gener al. Smullen et al. (1999) compiled stormwater quality data collected from several large sampling programs

that have been conducted over the past 20 years. They concluded that it was possible to differentiate stormwater

quality based on land use, region of the country, and season. Duke et al. (1999a) examined water quality data for

separate storm sewer systems during storm event discharges and during dry weather conditions in the San Francisco

Bay Area, California. Long-term mean concentrations for many parameters in most streams were higher during storm

discharges than during dry-weathe r flows.

Particle size/settling. Lloyd and Wong (1999) presented examples of particulate size fraction distributions for road

and highway runoff collected in A ustralia and compared  the information with United States and  European sam ples.

They foun d that the partic le size distributio n of suspend ed solids in sto rmwater run off from roa ds and high ways in

Australia were relatively finely graded. Sansalone and Hird (1999), in contrast, found that the particle sizes of

stormwater particulates investigated at a freeway site in Cincinnati, Ohio were much larger than typically found

elsewhere. In their samples, particles several hundred :m in size were  commo n. They stress ed the need  to carefully

collect storm water samp les for particle siz e analyses co nsidering the d ifficulty of represen ting large partic les in

samples collected with automatic samplers. Pitt et al. (1999a), during pilot-scale testing of a critical-source-area-

treatment device, monitored particle size characteristics both in the influent and effluent. The parking lot stormwater

had median particle sizes ranging from 3 to 15 :m. They also monitored particle sizes from 75 source areas in the

Birmingham, Alabama, area as part of treatability tests during an earlier phase of this research and found similar

small-sized particles. Corsi et al. (1999) measured stormwater particle sizes as part of a treatment system evaluation

at a public works yard in Milwaukee, Wisconsin, and found median particle sizes in the influent of about 18 :m.

Andral et al. (1999) analyzed particle sizes and particle settling velocities in stormwater samples collected from eight

storm even ts from the A9  motorwa y in the Kerau lt Region of F rance. Th ey conclud ed that to effectiv ely treat runoff,

particles smaller than 50 :m in diameter (which represented approximately three-quarters of the particulates

analyzed, by weight) must be captured. The median particle size for their samples averaged about 15 :m. Settling

velocities of these particulates were also studied. The median settling velocities of the particulates smaller than 50

:m ranged from 2.5 to 3.3 m/h, while the larger particles between 50 to 100 :m in diameter had median settling



8

velocities ranging from 5.7 to 13 m/h. Krishnappan et al. (1999) examined particle size distributions of suspended

solids in a wet detention pond. They used a submersible laser particle size analyzer that enabled them to examine the

particulate ch aracteristics witho ut disturbanc e by samp ling. They fou nd that the susp ended so lids were mo stly

composed of flocs, with maximum sizes ranging from 30 (winter) to 212 :m (summe r). They co ncluded th at flocs in

the size range from 5 to 15 :m would settle faster than both smaller primary particles of higher density, and

somewhat larger flocs of lower density. The larger flocs were also found to be susceptible to break up by turbulence.

Toxicity . Love and Woo lley (1999) found that stormwater was alarmingly more toxic than treated sewage. The

Concord project, funded by EPA, examined the possibility of needed treatment for reuse of residential area

stormwater before source area. Runoff from sawmills in British Columbia was monitored for toxicity by Bailey et al.

(1999) and found that 42 of the 58 samples were toxic to juvenile rainbow trout. Divalent cations, especially zinc,

were the most common source of the toxicity. Tannins and lignins, associated with bulk log handling, were

responsib le for the rema ining toxicity.  

Heav y metals. Barbo sa and H vitved-Jaco bsen (19 99) exam ined heavy m etals in highway ru noff in Portug al.

Concentrations of Cd and Cr were usually lower than the detection limit (1 :g/L), copper levels were between 1 and

54 :g/L, lead from 1 to 200 :g/L, and zinc from 50 to 1460 :g/L. A lowering of the pH value increased the

desorptio n of previo usly retained Z n, Cu and P b from the so il lining the infiltration po nd used to  treat this water. 

Barry et al. (1999) identified salinity effects on the partitioning of heavy metals in the stormwater canals entering

Port Jackson (Sydney), Australia. Cu, Pb, and Zn was found increasingly in dissolved phases as the salinity increased

in the lower sections of the canals. During high flows, most of the metals seemed to be rapidly exported from the

estuary as a discrete surface layer, while low flows contributed most of the metals to the estuary. Birch and Taylor

(1999) and Birch et al. (1999) also studied the Port Jackson estuary sediments. Historical industrial activity was

responsib le for much o f the contamin ated sedim ents, but atmo spheric co ntributions we re also likely imp ortant.

Stormwater from small catchments, along with sewer overflows, had no observable effects on the distribution of

heavy meta ls in surficial sedime nts. 
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Grout et al. (1999) studied the colloidal phases in urban stormwater runoff entering Brays Bayou (Houston, Texas).

Colloids in the filtrate after 0.45 :m filtering and further separation by ultracentrifuging, accounted for 79  % of the

Al, 85  % of the Fe, 52  % of the Cr, 43  % of the Mn, and 29   % of the Zn present in the filtrates. Changes in the

colloidal compo sition were caused by chang es in colloidal morpho logies, varying from organic aggrega tes to diffuse

gel-like structures rich in Si, Al, and Fe. Colloids were mostly composed of silica during periods of dry weather flow

and at the maximum of the stormwater flow, while carbon dominated the colloidal fraction at the beginning and

declining stages of the storm events. Garnaud et al. (1999a ) examined  the geoche mical specia tion of particu late

metals using sequential extraction proce dures for different runoff sources in Paris, Franc e. They found that mo st

metals were b ound to a cid soluble  particulates in the  runoff but that co pper was  almost entirely b ound to o xidizable

and residual fractions.

Organ ic toxicants.  Fisher et al. (1999) found trace concentrations of dioxins and furans in urban runoff entering

Santa Monica Bay, California over a 1-year sampling period. Concentrations of polychlorinated dioxin and

polychlorinated furan peaked during storms. The congener and isomer profiles resembled profiles found in lake

sediments and rainwater more than they resembled profiles found in urban sources such as dioxins from incinerators

or dioxins in contaminated commercial products. Runoff from open land use areas had lower concentrations than

runoff from developed land uses. Wenning et al. (1999) studied polychlorinated dibenzo-p-dioxins/dibenzofurans

(PCDD/Fs) in stormwater collected from 15 outfalls entering San Francisco Bay, California. Monitoring locations

were located both adjacent to and distant from petroleum refineries and included mixed urban/commercial/residential

land uses. Few significant differences were found between stormwater in areas adjacent to vs. further from the

petroleum refineries. They found that nonindustrialized urban locations may represent important sources of

PCD D/Fs to Sa n Francisco  Bay.

The environmental fate, chemistry, and toxicity of aircraft deicing compounds (mainly ethylene, propylene, and

diethylene glycol) commonly used in Canada was investigated by Kent et al. (1999). Glycols were miscible in water

and they were  highly mobile. Aerobic biodegradation was the most important environmental fate process affecting

glycols in waters and soils. Glycols have relatively low aquatic toxicity, with algae being more sensitive than
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vertebrates or invertebrates, but the aircraft deicing/an ti-icing fluids were more toxic than pure glycols.

Seasonal changes of the herbicides (diuron and simazine) in urban runoff were examined by Revitt et al. (1999a).

The herbicide concentrations were higher in storm events, with maximum levels of diuron at 238 :g/L and simazine

at 2.2 :g/L recorded. The very high diuron level was during a storm event, which closely followed application of the

herbicide. During this event, more than 45  % of the applied diuron was lost to runoff. Qian and Anderson (1999)

examined five commonly used herbicides and three pesticides in small streams in the Willamette River Basin,

Oregon. Of the variables examined, landuse was the most important for all but one (simazine) of the eight pesticides

studied, followed by geographic location, intensity of agriculture activities in the watershed, and the size of the

watershed. There were significant differences in the variabilities of the stream concentrations for the urban and

agriculture sites. While all 16 nonurban watersheds had significantly higher variations than the urban sites, the same

was not necessarily true for the mean co ncentrations.

CSO. Servais et al. (1999) studied suspended solids, COD, and BO D in CSO affecting the River Seine (France).

These b asic measur ements wer e compa red with value s of the biod egradab le and refrac tory fractions o f particulate

and dissolved organic carbon. They found very similar numeric ratios between these parameters, even in areas

having highly different conditions, making it possible for reasonable predictions of the biodegradable and refractory

fractions of dissolved and particulate organic matter and of the bacterial biomass in combined sewage. CSO and

source area runoff was investigated in Paris (France) by Chebbo et al. (1999). Resuspended material from the sewers

contributed a larger fraction of the pollutants (suspended solids, organic matter, copper, and total hydrocarbons) than

from the runo ff during a runo ff event. The r esults were qu ite different for lead , zinc, and ca dmium wh ose main

source was roof runo ff due to corroding roo fing materials.

Krebs et al. (1999a) found that the wave front that formed when a significant increase in flow occurred in a

combined sewer was composed of the sewage that was present in the sewer before the flow rate increased and not the

stormwater component that comprised most of the flow volume. By means of measurements and numerical

simulations, they showed that this effect may cause the significant increase of dissolved  constituents found in the first
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flush during C SO even ts. The vertica l (rise) velocity of C SO floatab le material, in ad dition to othe r basic

measurements, was investigated by Cigana et al. (1999) in Montreal (Canada). They found that 80  % of the

floatables had a vertical velocity greater than 0.0 7 m/s.

Solids transpor t in sewers.  Modeling the transport of sediment and other debris in sewers was investigated by

Babae yan-Koo paei et al. (19 99). Usin g correct ve locity distribution s were found  to be critical in o rder to ob tain

accurate predictions of sediment transport. A sensitivity analysis investigated the influence of some important

parameters involved in the model, especially the drag coefficient, the lift coefficient, solid density, and pipe

roughness. Arthur et al. (1999 ) proposed a n ew design appro ach to minimize sedimen tation in sewers. They also

compared the results of laboratory investigations with real sewer conditions. Johnstone et al. (1999) described on-

going research concerning the disposal of large sanitary solids in combined sewers, assessing the relative

sustainability of conventional disposal metho ds using an integrated, holistic approac h, incorporating econo mics,

sociology, life cycle data, and a risk assessment. They also described a project designed to study the behavior of the

sanitary solids in the sewerage system through laboratory, field, and modeling studies. Skipworth et al. (1999)

sampled and analyzed combined sewer sediment deposits and found coarse, loose, granular, predominantly mineral

material that was overlain by a mobile, fine-grained cohesive-like sediment deposit in the invert of pipes. The

erosion o f this more mo bile fraction wa s identified as the  major so urce of the first flush o f pollutants asso ciated with

CSO e vents. The y presented  a new app roach to m odel the ero sion and sub sequent tran sport of these  mobile

sediments.

Rushforth et al. (1999) examined the relationships between the erosion of in-sewer organic deposits and the sediment

compo sition. They fo und that sewe r sediments c onsist of mixture s of organic a nd inorgan ic material and  exhibit a

much wider range of particle sizes and densities than typically assumed. Specifically, the characteristics of the fine

organic sediment found in combined sewer deposits fall outside the applicable range of grain size and density for

typically used sediment transport models. Their laboratory experiments showed that the addition of granular material

in sewer deposits significantly increases the amount of organic material eroded, compared to a deposit composed

entirely of orga nic material.
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In-sewer pr ocesses. Haas and Herrmann (1999) examined the problems associated with gas transfer in sewer

systems through laboratory and field reaeration studies using volatile tracers and conservative dye tracers. They

found that traditional empirical models for reaeration in open channels worked well, with modifications to account

for the sewage matrix used instead of clean water. During the field studies in sewer systems having low gas transport

rates, concentrations close to the Henry’s law equilibrium near the wastewater surface were found to minimize the

transfer of the volatile gases from the wastewater to the sewer g as. Huisman et al. (1999 ) studied oxygen mass

transfer and the biofilm respiration rate in sewers. Oxygen transfer mass fluxes were found to be responsible for the

major changes to wastewater as it flows to the wastewater treatment plant. They concluded that about 20  % of the

dissolved C OD co uld be de graded in th e investigated  sewer system d uring the wastew ater transpo rt process. 

Vollertsen et al. (1999a) measured the effects of temperature and dissolved oxygen (DO) on the kinetics of microbial

transformation processes of the suspended sewer sediment particles, suspended wastewater particles, and wastewater.

The average Arrhenius constants found for sewer sediment particles and wastewater particles were found to differ

significantly from the average Arrhenius constant found for the wastewater. However, no differences for the oxygen

saturation coefficients were found between sewer sediment particles, wastewater particles, and wastewater. The

anaerobic transformations of wastewater organic solids in sewers were studied by Tanaka and Hvitved-Jacobsen

(1999), leading to a aerobic/anaerobic wastewater process model. During 19-25 hours of anaerobic conditions, a net

produc tion of readily b iodegrad able substra te, originating fro m hydrolyza ble substrate , was observ ed. A sma ll

amount of methane production was also observed. Suguira et al. (1999) found that sewage stagnation at the

downstream side of a separating tidal weir at a CSO discharge location caused an extraordinary generation of

hydrogen  sulfide, and ass ociated nu isance odo rs. 

Pollution Sou rces 

Mass balance calculations for a treated and untreated watershed at the BBW M in Main showed that annual and

cumulative re tention of exp erimental N  amendm ents has leveled  off at about 8 0  % after nin e years of treatm ent. 

The annual retention of treatment S has declined to less than 34  % after nine years, with the cumulative retention
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below 60  % over the course of the experiment (Kahl et al., 1999). Urban runoff samples were collected in a 1- year

period in the Santa Monica Bay Watershed during both dry and storm periods and analyzed for polychlorinated

dioxins, polychlorinated furans, and polychlorinated naphthalenes (Fisher et al., 1999). Soils that contained high P

levels could become a primary source of dissolved reactive P (DRP) in runoff, and thus contribute to acceleration

eutrophication of surface waters.  Because results might differ on other soils, runoff studies were conducted on three

additional Ultisols to identify the most consistent STP method for predicting runoff DRP levels, and determine

effects of site hydrology on correlations between STP and runoff DRP concentrations (Pote et al., 1999).

Land applications of organic soil amendments can increase runoff concentrations of metals such as Fe and Zn,

metalloids such as B and  As, and non-metals such as P  and S that have the potential for causing a dverse

environmental impacts.  Aluminum sulfate, or alum (Al2(SO4)3C(14H2O), can reduce concentrations of some

materials in runoff from sites treated with organic amendments (Edwards et al., 1999a). Choi and Blood (1999)

reported the increase of urban growth along coastal states, resulting in the growth of urban non-point source nitrogen

runoff to be a major contributor to coastal and estuarine enrichment. Hydrologists have known for some time that

runoff can occur as the result of both saturation and infiltration excesses in soil containing nonpoint source (NPS)

contaminants.  Watershed areas that generated NPS polluted runoff needed to be identified prior to the design of

basin-wide water quality projects (Endreny and Wood, 1999). Temporal trends of three phenoxyacid herbicides: 2,

4-D, dichlorprop and MCP A and the phenolic herebicide (bromoxynil), were determined in ambient air and

precipitation over a 4-yr period  within a well-defined watershed in southern M anitoba.  Elevated levels of these

herbicide s in creek wate r samples we re observ ed during p eriod of high  concentra tion in both atm ospheric

compartments, despite the lack of surface runoff events within the watershed over that period (Rawn et al., 1999).

Sauer et al. (1 999) rep orted that gra zing animal e xcretions we re not as significa nt a source o f nutrients to runo ff

water as was poultry litter; such treatments receiving poultry litter had significantly higher losses of nutrients,

including those most commonly associated with surface water indices. Deicing salt (NaCl) fate was determined from

retention and loss in snow cover adjacent to a 14 km section of the highway in southern Ontario during the 1994-

1995 winter.  Almost all applied NaCl reached the soil surface via direct runoff and infiltration of saline water from
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the road into the shoulder an d right-of-way, and transfer of salt to snow cover ad jacent to the highway and release

during snow melt (Buttle and Labadia, 1999). Runoff from highways contains significant loads of heavy metals and

hydrocarbons, according to German regulations it should be infiltrated over embankments to support groundwater

recharge. T o investigate the  decontam inating effect of gre ened em bankme nts, soil-mono liths from highwa ys with

high traffic densities were taken. Soils were analyzed to characterize the contamination in relation to distance and

depth for lead, zinc, copper, cadmium, PAH and MO TH (Dierkes and Geiger, 1999 ).

Air-water exchange fluxes of 13 polycyclic aromatic hydrocarbons (PAH) were determined along a transect in the

Patapsc o River fro m the Inner H arbor of B altimore, M aryland, to the m ainstream o f the northern C hesapeak e Bay. 

The direction and magnitude of the daily fluxes of individual PAH were strongly influenced by the wind speed and

direction, b y the air tempe rature, and b y the highly variab le PAH  concentra tions in the gas an d dissolved  phases. 

The largest PAH volatilization fluxes occurred adjacent to the stormwater discharges, driven by elevated dissolved

PAH concentrations in surface waters (Bamford et al., 1999). Samples of stormwater runoff from three sawmills on

Vancouver Island, British Columbia, Canada, were tested for acute toxicity with juvenile rainbow trout.  Causes of

toxicity were investigated using toxicity identification evaluation techniques; specifically, treatment with the

chelating agent EDTA (Bailey et al., 1999a).

Samples o f stormwater ru noff from nine  sawmills in British  Columb ia, Canada , were tested fo r acute toxicity with

juvenile rainbow trout over a 23-month period.  Toxicity was attributed to divalent cations, particularly zinc, in 32 of

the samples . Toxicity in the r emaining sam ples was large ly attributed to tan nins and lignins a nd was asso ciated with

areas of bulk log handling (Bailey et al., 1999b). Hydrologic runoff was one of the main processes in which

radionuclides deposited in the surface environment migrate widely in both particulate and dissolved forms. Amano et

al. (1999) concentrated on the transfer capability of long lived Chernobyl radionuclides from surface soil to river

water in dissolved forms.  Manure or compost from beef cattle feedlots can be an excellent source of nutrients and

organic matter when added to soils, but they can also pollute runoff. Eghball and Gilley (1999) determined the

effects of simulated rainfall on runoff losses of P and N, and EC and pH  following application of manure and

compost to a Sharpsburg silty clay loam (fine smectitic, mesic Typic Argiudoll) soil having grain sorghum [Sorghum
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bicolor (L.) Mo ench] and winter wheat (T riticum aestivum L.) residues.

A study has been conducted on a 4  % slope during 1991 to 1993 at Belie Mina,, Alabama, on a Decatur silty clay

(clayey, kaolinitic, thermic Rhode Paleudult) to determine effects of broiler litter CBL on seasonal transport losses of

nutrients and heavy metals in surface water (Wood et al., 1999). Rainfall, slopewash (the erosion of soil particles),

surface runoff and fine-litter transport at humid-tropical steepland sites in the Luquillo Experimental

Forest, Puerto Rico (18 degrees 20'  N, 65 degrees 45' W) were measured from 1991 to 1995 (Larsen et al .,  1999). To

identify critical sources of P, Sharpley et al. (1999) investigated chemical and hydrologic factors controlling P export

from a mixed land use (30  % wooded, 40  % cultivated, 30  % pasture) 39.5 ha watershed in east-central

Pennsylvania.

Ecotechnology was the use of technological methods for environmental management in a way to minimize the harm

to the environment. Herein the primary contributors to NPS pollution were presented. Best management practices

(BMP) for NP S pollution were reviewed, and ecological engineering measures for NPS control were described and

evaluated (Dermissi et al., 1999). stormwaters flow directly into the Matajoki River, which was situated in Southern

Finland with a catchment area of 24.4 km2, was monitored with a limnograph.  Separate sewage systems were present

throughou t the catchme nt area; dom estic sewage w as directed  to a sewage  plant directly o utside the catc hment area . 

During the research pe riod July 1, 1995 to  June 30, 199 6, water samples from the M atajoki were taken at least

weekly (Olli, 1 999).  

Gener al. McMaho n and Cuffney (1999) described the U.S. Geological Survey’s National Water Quality Assessment

(NAW QA) Prog ram which was intended  to study the relationship between varying levels of urb an landuse

development in drainage basins and in-stream water quality, as measured by physical, chemical, and biological

indicators. These studies were being conducted near Boston (Massachusetts), Salt Lake City (Utah), and

Birmingh am (Alab ama), wher e rapid urb anization wa s occurring. B asnyat et al. (19 99) desc ribed a me thodolog y to

assess the relationships between landuse and nitrate and sediment concentrations in streams in the Fish River,

Alabam a watershed . Residential a nd other d eveloped  urban area s were identified  as the largest co ntributors of n itrate
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in the area, while active agriculture was identified as the second largest contributor.

Zaman (1999) found that the catchments with high intensities of development in close proximity to stormwater

systems were found to be transporting more pollutants to receiving waters than other catchments. Dry-weather water

quality monitoring was used to identify the most polluted areas of the catchment. Nirel and Revaclier (1999) used the

ratio of dissolved Rb to Sr to identify and quantify the impact of sewage effluents on river quality in Geneva,

Switzerland. Rubidium  was present in larger quantities than strontium in feces and urine , making the ratio of these

two elements represents an effective tracer. This was especially true in regions where the natural Rb/Sr ratio was low

(calcareous regions). Gromaire-Mertz et al. (1999) collected stormwater runoff from 4 roofs, 3 courtyards and 6

streets on an experimental catchment in central Paris, France, and analyzed the samples for SS, VSS, COD, BOD5,

hydrocarbons, and heavy metals both in dissolved and particulate fractions. The street runoff showed large SS, COD

and hydrocarbon loads, but the roof runoff had high concentrations of heavy metals. Wiese and Scmitt (1999)

described urban stormwater contributions into large river systems. Their purpose was to develop a mass balance

model for many stormwater pollutants, stressing nitrogen and phosphorus, the oxygen depleting substances and some

heavy metals.

Atmosp heric.  Atasi et al. (19 99) used  specialized  sampling eq uipment an d ultra-clean a nalytical metho dology to

quantify the concentrations or fluxes of mercury, cadmium, and polychlorinated biphenyl in ambient air,

precipitatio n, runoff, sanitary se wage, and  treated sewa ge in Detro it, Michigan. A tmospher ic depositio n was found  to

be the primary source of the mass of Cd, Hg, and PCB, in runoff from the controlled surfaces. Shiba et al. (1999)

also investigated the role of atmospheric deposition as a source of urban runoff contaminants. They found that the

chemical sub stances in rainw ater were an  important p ollution sourc e. 

Roof r unoff. Foerster (1 999) rep orted on stu dies investigating  roof runoff as  stormwater p ollutant sourc es. Runoff

samples were taken from  an experimental roof system co ntaining five different roofing materials and from house

roofs at five different locations in Bayreuth, Germany. It was found that local sources (e.g. PAH from heating
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systems), dissolution of the roof systems’ metal components, and background air pollution were the main sources of

the roof-runoff pollution. They found that the first flush from the roofs often was heavily polluted and should be

specially treated. They concluded that roofs having metal surfaces should not be connected to infiltration facilities as

concentrations of copper and zinc far exceed various toxicity threshold values. They also examined a green

(vegetated) roof for comparison. These roofs were found to act as a source of heavy metals which were found to be

in comple xes with dissolv ed organ ic material. Lea ching from u nprotecte d zinc sheet su rfaces on the g reen roofs

resulted in extremely high zinc concentrations in the runoff. In contrast, the green roofs were a trap for PAH.

Sediment. Benoit et al. (1999a) studied sources of sediment entering Jordan Cove, Connecticut. Recent sediment

accumulation rates were found to be decreasing (from 0.84 cm/yr to 0.40 cm/yr) but were slightly faster than relative

sea-level rise at this site (0.3 cm/yr). Long Island Sound was found to be an important source of sediment to the

cove; a minor part of total sediment was supplied from the local watershed. Benoit et al. (1999b) also studied sources

and the history of heavy metal contamination and sediment deposition in Tivoli South Bay, Hudson River, New

York. The measured sedimentation rate ranged from 0.59 to 2.9 cm/yr suggesting that rapid accumulation occurred

during the time  period re presented  by the length o f the cores (ap proxima tely the past 50  yrs). The so urces of this

material were expected to be upland streams, or the Hudson River, during storm events. Concentrations of Pb, Cu

and Zn correlated with each other within individual cores at five of the six sites tested, suggesting a common

proximate source. Nelson (1999) described the sediment budget of Issaquah Creek, a 144 km 2 mixed-use, urbanizing

watershed near Seattle, WA. The water quality of Lake Sammamish, located at the outlet of the basin, was degrading

with time, and fine sediment entering the lake from the watershed was a likely source of phosphorus during periods

of lakeanoxia. Another potential in-channel concern was the effect of fine sediment on spawning gravel for the

salmon species that occupy Issaquah Creek. The sediment balance was being used to identify the major sources of

sediment, and thus guide the mo st effective remedial measures.

Nutrients.  Waschbusch et al. (1999) investigated sources of phosphorus in stormwater and street dirt from two

urban residential basins in Madison, Wisconsin. They collected numerous sheetflow runoff samples from throughout

the test watersheds and used SLAMM, an urban stormwater quality model, to quantify the significance of the
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different phosphorus sources. Lawns and streets were found to be the most significant sources of phosphorus in the

test basins, contributing about 80  % of the total annual loading. Peters and Donohue (1999) examined nutrient

concentra tions and fluxe s in tributaries to the  Swan-Can ning estuary, W estern Austra lia. In addition  to the rapid

mobility of nutrie nts in stream wa ter from agric ultural areas d uring the wet sea son, urban  area storm d rains typically

had high nutrient concentrations, and were also an important source of nutrients to the estuary. Sonoda et al. (1999)

described correlation s between land use and  nutrient inputs to an urbanizing Orego n stream. In the urbanizing areas,

possible nutrient sources included  fertilizer applied to yards, in addition to roof runo ff, various household chemica ls,

and street run off. 

Litter. Williams and Simmons (1999) investigated the sources of litter in and along the river Taff, South Wales, UK.

The gre atest inputs of sew age-derive d solids wer e introduce d to the river b y malfunctionin g CSO . While

sewage-derived material constituted approximately 23  % of all items on the river Taff, large quantities of waste,

especially plastic sheeting, originated from fly tipping sites (illegally dumped rubbish in public places).

Bacteria. Young and Thackston (1999) studied fecal bacteria in urban tributaries in Nashville, Tennessee. The urban

streams (unaffected by sewage discharges) were much higher in sewered basins than in nonsewered basins and the

fecal bacteria densities were related to the density of housing, population, development, percent impervious area, and

apparent domestic animal density. Preliminary fecal bacteria data collected for surface runoff samples in these urban

neighborhoods indicated that a relationship existed between various urban land uses and bacterial loading.

Toxicants.  Pitt et al. (1999b) investigated typical toxicant co ncentrations in stormwater, the origins of these

toxicants, and storm and landuse factors that influenced these toxicant concentrations. Nine percent of the 87

stormwater source area samples analyzed were considered extremely toxic (using the Microtox™ toxicity screening

procedure). Thirty-two percent of the samples exhibited moderate toxicity, while fifty-nine percent of the samples

had no evidence of toxicity. Vehicle service and parking area runoff samples had many of the highest observed

concentrations of organic toxicants. All metallic toxicants analyzed were found in the analyzed samples. Marsalek

and Rochfort (1999) also investigated the toxicity of urban stormwater and CSO. Acute toxicity, chronic toxicity and
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genotoxicity of stormwater and CSO were studied at 19 urban sampling sites in Ontario, Canada, using a battery of

seven bioassays.  Most freq uent respo nses of severe  toxicity were fou nd in stormw ater sample s (in 14  %  of all

samples), particularly those collected on freeways during the winter months. Compared to stormwater, CSO

displayed lo wer acute to xicity (7  % o f the samples w ere mod erately toxic, an d none o f the samples w as severely

toxic).

Huber and Q uigley (1999) studied highw ay construction and repair m aterials (e.g. deck sealers, wood pre servatives,

waste-amen ded pav ement, etc.) for  their chemica l and toxico logical pro perties and  leaching cha racteristics. Daph nia

magna  (a water flea) and the algae Selenastrum capricornutum  were used for the toxicity tests. Leaching was

evaluated as a function of time using batch tests, flat plate tests and column tests, as appropriate for the end-use of

the highway m aterial. 

Malmqvist et al. (1999) investigated the sources of pollutants discharging to Lake Trekanten, Stockholm, which

receives stormwater from residential and traffic areas. Lead, cadmium, copper, zinc, phosphorus, and PAH in the

stormwater  from the catc hment area  were quan tified by a sourc e model. It w as conclud ed that build ing materials

were the dominant sources for copper and important sources for zinc. Source control measures, including covering

copper-plated roofs, decreasing traffic, and changes of vehicle materials, were expected to reduce discharges of

coppe r to less than a third  of current leve ls. 

Potential contributions of urban runoff pollutants to surface sediments of the Passaic River in New Jersey were

investigated by Walker et al. (1999). Mass loading calculations demonstrated that urban runoff was a significant

source of the metals observed in the sediments, and that PAH and DDT sediment loadings could, in some cases, be

accounted for by urban runoff. Observed sediment loads for PCB, however, were significantly higher than were

estimated fro m urban ru noff.

Heavy  metals. Birch et al. (1999) investigated the sources of heavy metals in stormwater draining into Port Jackson,

Sydney, Au stralia. Road  dust from stree ts with different traffic de nsities in the catchm ent were highly e nriched with
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Cu, Pb, a nd Zn. So ils also containe d high con centrations o f these metals ov er extensive a reas of the catc hment.

Preliminary data suggests that roads and soils were  probably important in supplying heavy metals to the estuary but

the contributions of atmospheric deposition and contaminated sites had not yet been evaluated.

Garnaud et al. (1999b) studied heavy metal concentrations in dry and wet atmospheric deposits in Paris, France, for

comparison with urba n runoff. Samples were co ntinuously collected for 2 to 13 m onths at each of four test sites.

Comparisons of median values of metal concentrations showed that rainwater contamination with heavy metals was

only slightly higher in the center of Paris than at Fontainebleau (48 km SE of the city) which illustrates the medium

range transp ort of atmos pheric co ntamination. 

Sanudo-Wilhelmy and Gill (1999) examined dissolved (< 0.45 :m) trace me tals and pho sphate con centrations in

surface waters collected along the Hudson River estuary, New York, between 1995 and 1997 and compared them

with samples collected in the mid-1970s. They concluded that the release of Pb and Hg from watershed soils, and Ni

and Cu fro m estuarine se diments, ma y represent the  primary co ntempor ary sources o f these metals to th e estuary. 

Mercury. Bonzongo et al. (1999) studied the impacts of land use and physicochemical settings on methyl mercury

levels in the Mobile-Alabama River system. In the Coastal Plain portion of the state, Hg concentrations above the

FDA’s safe limit have been found in tissues of some fish species in both Fish River and Mobile Bay, Alabama. These

rivers/streams r eceive mo st of their Hg fro m NPS  (e.g. atmosp heric dep osition and in puts related to  land use within

the watersheds). They reported results of detailed investigations aimed to study the biogeochemistry of Hg and other

trace metals, specifically the impact of different land-use types within the watersheds on Hg speciation. Glass and

Sorensen (1999) examined a six-year trend (1990-1995) of wet mercury deposition in the Upper Midwest of the

United States. The annual wet mercury deposition averaged 7.4 :g Hg/m 2-yr and showed significant variations

between sites and illustrated significant increasing trends over the monitoring period. Warm (rain) season wet

mercury deposition was found to average 77  % of total annual wet deposition.

Lead. Davis and Burns (1999) examined lead concentrations in runoff from painted surfaces. In many tests, high
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lead concentrations were found (using 100 mL of wash water over 1600 cm2 of surface). Lead concentrations from

169 different structures followed the following order (median concentrations in the wash water): wood (49 :g/L) >

brick (16 :g/L) > block (8.0 :g/L). Lead concentration depended strongly on paint age and condition, with the lead

levels from washes of older paints being much higher than from freshly painted surfaces. Lead from surface washes

were found to be 70  %, or greater, in particulate lead form, suggesting the release of lead pigments from the

weathered paints.

Platinum. Schaefer e t al. (1999) studied the increasing concentrations of Pt, Rh, and Pd in urban areas associated

with increased  use of catalytic co nverters on a utomob iles. At a typical urb an site, the daily de position rate  of Pt in

airborne d ust was up to 2 3 ng/m 2.

Cadmium. van Gee n and Luo ma (199 9) cond ucted a five-yea r study of disso lved Cd in  San Franc isco Bay,

California and adjacent coastal waters. They showed that the composition of surface waters towards the mouth of the

estuary was determined largely by the effect of coastal upwelling. However, surface samples collected throughout

San Franc isco Bay c onfirmed a n internal Cd  source unre lated to river d ischarge. T he Cd co ntent of a ben thic

foraminifer (Elphidiella hannai) in a dated sediment core from San Francisco Bay was measured to determine if the

water column Cd enrichments in San Francisco Bay could be related to the rapid development of the watershed.

Cyanide. Paschka  et al. (1999 ) studied the w ater-quality effects a ssociated w ith the extensive u se of water-solu ble

iron cyanide compounds used as anticaking agents in road salt. Although available information did not indicate a

widesprea d proble m, it was also clea r that the water-q uality effects of cyanid e in road sa lt had not be en adeq uately

examined . 

Organ ic toxicants.  Ashley and B aker (199 9) develo ped inven tories and id entified sourc es for hydro phobic o rganic

contaminants (HOC) in the surficial sediments of Baltimore Harbor, Maryland. There was enormous spatial

variability in the concentrations of HOC at the 80 sampling sites which was not well correlated to grain size or

organic carbon content, suggesting that nonequilibrium partitioning and/or proximity to sources were important
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factors. High concentrations o f HOC were  localized around m ajor urban stormwa ter outfalls. Lower molecular

weight PAH, having lower affinity for particles, may travel further from the sources. Ollivon et al. (1999) studied the

PAH fluctuations in rivers near Paris (France). During storm events, the atmospheric contributions of PAH were

negligible, compared to stormwater discharges. During heavy rains affecting the river Seine, high first flush PAH

concentrations were observed, and about 25  % of the PAHcam e from the rain and about 75  % came from the

stormwater. During light rains, atmospheric contributions only accounted for about 2  % of the total PAH to the

river.

Herbicides.  Farrugia et al. (1999) studied household herbicide use. They found that typical urban uses of herbicides

exceeded agricultural uses, and the transfer coefficients (amount of the herbicide in the runoff compared to the

amount applied) was also higher in urban areas. The highest measured diuron concentration was 20 :g/L, while the

average was 5 :g/L. Compared to EEC standards for drinking water protection (0.1 :g/L), they concluded that

suburban uses of herb icides may severely endanger  drinking water supplies.

Monitoring

Buried mineral soil-bags and natural solutions, studied as indicators of forest response to elevated N and S inputs at

the BBWM , were reported by Fernandez et al. (1999) having continued utility in environmental monitoring and

assessment research. In the Mediterranean region, climatological factors make CSO a major urban pollution problem

that should be monitored and controlled.  In comparing rainfall estimates from weather radar pictures to a rain-gauge

network in terms of the ability to predict sewer flow in the urban basin in Barcelona, Spain, the results showed that

the use of rad ar data ena bled the co mbined se wer system m odel to imp rove the rep roduction  of the obser ved flows. 

Also indicating the spatial description of rainfall was a key problem in modeling the events giving rise to CSO

(Sempre-Torres et al., 1999).

Atmosp heric dep osition, often co ntaminated  to varying de grees, can b e a significant sou rce of pho sphorus to  South

Florida’s aquatic system.  Outliers were detected by field notes, derived from visual inspection of the samples, and
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statistics, based o n simple linear  regression us ed for add itional screenin g.  Based  on detecte d outliers in the d ata

from 115 monitoring sites, a lumped cutoff value, used for further quality control, of 130 Fg/L was determined (Ahn,

1999). A receiving water quality monitoring program was developed to measure beneficial use impacts resulting

from toxicity in stormwater runoff.  The goals of the water quality monitoring program were  to determine the

persistence, fate and significance of the aquatic toxicity in the receiving water (Taylor, 1999).

 

When  considering  urban runo ff toxicity, it was necessa ry to carefully co nsider mag nitude, dura tion, and freq uency in

any toxicity analysis. F irst, to measure  this toxicity it was nece ssary to app ly a new para digm, the time -scale toxicity

paradigm . The time-sc ale toxicity para digm was re viewed, and  data from sto rm events wa s provide d to illustrate

paradigm utility in assessing the toxicity of urban runoff and the related impact of urban runoff on receiving systems

(Herricks, 1999). A number of stream restoration efforts have been carried out in small watersheds in Maryland for

the past ten years.  The goal of virtually all of the restoration projects was to reduce high sediment supply from bank

and bed erosion and to increase sediment transport, thus restoring a condition of equilibrium between sediment

supply and  sediment tran sport. Clar e t al. (1999)  described  the current ap proach a dopted  by Baltimo re County,

Maryland to integrate stream stability assessment and water quality modeling for a comprehensive study of the

Patapsc o River W atershed in so uth-western B altimore Co unty.

The 1996 handb ook Environmental Indicators to Assess Stormwater Control Programs and Practices described the

use of 26 ind icators within 6  general cate gories B w ater quality, physic al/hydrolog ical, biologic al, social,

programmatic and  site-specific B to measure the success o f stormwater programs. T he handboo k also suggests a

methodology for using the indicators to identify problems within local watersheds and for assessing, re-evaluating

and improving stormwater management programs.  With grant assistance from the Water Environment Research

Foundation, the Santa Clara Valley Urban Runoff Pollution Prevention Program (SCVURP PP) was demonstrating

this methodology at a watershed scale (Coyote Creek watershed, Santa Clara County, California) and at a smaller,

more de fined scale, that o f a 28-acre ind ustrial catchme nt in the City of San ta Clara, Ca lifornia (Cloa k and Bic knell,

1999).
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A new settling testing method was compared to a traditional test in a laboratory side-by-side evaluation.  The

compa rison attemp ted to deter mine whethe r these tests can c apture the ra pidly settling par ticles in wet-weathe r flow. 

A summary of the performance, as measured by predicted percent removal of the columns for 15 laboratory bench-

scale tests, and th e limitations and  advantage s of each ap proach w ere  presen ted and co mpared  (O’Con nor et al.,

1999). Kuo et al. (1999) presented results of field tests of pollutant removal efficiencies of grassed swales conducted

in Taiwan  and Virgin ia.  The V irginia exper iments tested a  highway med ian swale, while the  Taiwan e xperimen ts

were conducted on an agricultural test farm.

The specific goals of the Small Business Innovation Research (SBIR) project, sponsored by the Federal Highway

Administra tion (FHW A), was to d evelop a sm all, inexpensive , simple, effective sh eetflow samp ler to aid

transportation officials in meeting their regulatory requirements.  The field testing program includes the installation

of approximately 18 samplers throughout varying highway environments in Virginia, Maryland, and California.

Stormwater samples will be collected and analyzed for various highway pollutants over a period of 9 months

(Grazian o et al., 199 9). 

Several field  and labo ratory assays we re emplo yed below  an urban sto rm sewer o utfall to define the re lationship

between stormwater runo ff and contaminant effects. Specifically, two bioassays that measure  feeding rate as a

toxicological endpoint were employed in the field and in the laboratory, along with bioassays measuring survival and

growth of test organisms. The results of the study suggest significant toxicity at this site was due to accumulation of

contaminants in the sediment and the mobilization of these contaminants during a storm event (Hatch and Burton,

1999).

 

Brent and Herricks (1999) proposed a testing protocol for the toxicity assessment of wet weather events that includes

an event-focused toxicity test method, a corresponding test metric that more accurately represents the toxicity of

brief exposures, and an event-based index that described the acute toxicity of wet weather events. This testing

protocol was designed to quantify toxic response produced by brief contaminant exposures (< 24 h), as well as time-

varying contaminant exposures, which were  typical of wet weather events. The protocol described the use of an
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event-focused toxicity test to determine a PELET50 (po st-exposure lethal exposure time for 50  % of the population)

metric for individual event samples.

According to Klove and Bengtsson (1999) the hydrology of a cutover fen was studied from May to October in 1995

and 199 6. Rainfall eq uivalent dep ths were mea sured ever y 15 min and  stream runo ff was continuo usly monitore d. 

Storm runoff was separated into different components; rain falling directly into channels and rapid groundwater

response based on a contributing area method and on different electrical conductivities of rain-, ground- and stream-

water. The Ohio Environmental Protection Agency employed biological, chemical, and physical monitoring and

assessment techniques to assess how effectively they were achieving their goals of the Clean Water Act, namely the

maintenanc e and resto ration of bio logical integrity an d the basic inte nt of water qu ality standards ( Yond er et al.,

1999). Strecker (1999a) described some of the problems with typical BMP mo nitoring and effectiveness reporting;

and suggested the utilization of consistent stormwa ter monitoring techniques.

Flow  measure ment. Burrows et al. (1999) evaluated a flow stick with inclination transducer. The data from the flow

stick, when combined with a depth measure, provided an accurate measure of the instantaneous flow rate in a storm,

sanitary or combined sewer. Goyen and O’Loughlin (1999) described their project in which they used intra-

catchment gauging stations in Canberra, Australia to collect data regarding rainfall and runoff. They determined that

the spatial and temporal variability of rainfall and runoff even over a single catchment were great enough to ensure

the single-parameter models cannot perform well consistently and so, they proposed a runoff simulation model that

incorporates the intra-catchment elements needed to determine runoff from a larger watershed. Tilley et al. (1999)

demonstrated the inadequacy of current stream-gauge height-measurement-averaging techniques combined with a

rating curve to estimate flow at a site during flash flooding in urban areas. They recommended that the monitored

gauge height be used for ea ch subarea for each time incre ment in order to calculate the vo lume of flow during a flash

flood. Steine r et al. (1999 ) demon strated the nec essity for having go od quality ra in gauge da ta if it will be used to

adjust for biases in radar rainfall estimates of precipitation. They concluded that the differences resulting from radar

data processing scenarios were small compared to the effects of rainfall data adjustment based on rain gauge

information. Maheepala and Perera (1999) described the quality assurance checks program used during the
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collection of urban drainage hydrologic information for a flood-prediction model for Victoria, Australia. They

discussed not on the quality of the data but also the occupational safety and health aspects of collecting it. Gutierrez

(1999) reported on the development of regional regression equations for predicting flows at ungaged urban

catchmen ts in Mexico . 

Riotte and Chabaux (1999) found that the ratio of U-234/U-238 could be used to investigate hydrological processes

such as flood ing events. W eiler et al. (199 9) used na tural tracers/isoto pes with mas s balance c alculations to

determine the fraction of surface flow and subsurface flow in the receiving water prior to a rain event. The isotopes

were also use d to dem onstrate the im portance  of infiltration water to  the quantity of sub surface runo ff due to

preferential flow. McDonnell et al. (1999) combined tracer studies (using 18O) with me asures of rainfa ll and runoff in

four nested catchments on South Island, New Zealand. The results showed that water contributions from various

source are as in a catchm ent was a co mplex func tion of the mixin g of these co ntributions an d of the con tact time in

the groundwater and drainage system. Mehlhorn and Liebundut (1999) determined that the modeling approaches for

tracer hydrology and rainfall-runoff modeling were mathematically equivalent and therefore, tracer time parameters

could be  used to calib rate baseflow  runoff mod els. Couplin g the water age  and turnov er time of the m obile

groundw ater led to a m ore accur ate determ ination of the b aseflow in the stre am. 

Post et al. (19 99) used  hand-held r adiomete rs to evaluate th e ground  cover of sem iarid rangela nds and to  correlate

the data collected with the hydrologic characteristics of the area. The results showed that vegetative cover and

percent runoff were highly correlated with spectral reflectance, while soil-rock cover and eroded sediment were

poorly co rrelated with the  reflectance. 

Testing for chemical pollution and pollution tracers. Maldonado et al. (1999) evaluated the use of trialkylamines

and coprostanol as chemical tracers of pollution in the western Mediterranean and the northwestern Black Sea from

urban areas. Trialkylamines were found to be the better marker of urban pollution in the water because they had

higher concentrations in the water and were not as likely to associate with the particulate phases. Sidle and Lee

(1999) used the deuterium isotope to determine the origin of the stormwater runoff from an urban watershed.

Deuterium isotope concentrations were significantly different in the vadose and saturated zones between an area

affected by a storm sewer leak and an area where a stream contributes to the groundwater. The measurements were
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useful in mod eling leaks and  seepages a nd in impro ving mass ba lances in urba n watershed s. 

Soerens et al. (1999) reported on the development of a sampling scheme to find the minimum required sampling

interval during a storm that would be necessary to obtain realistic pollutant loadings for TMDLs. They found that the

optimum sampling interval was dependent on the parameter measured and the stream order. Persson et al. (1999)

developed and demonstrated a passive in-situ sampler for metals in stormwater runoff. The results indicated that the

metals conc entration in the p assive samp ler corresp onded to  the bioava ilable fraction o f the metals in the run off.

They also found that in-situ deployment of the passive sampler with direct analysis of the water by laser ablation-

ICP/MS provided better accuracy than traditional bottle sampling, either a grab or a composite sample.

Micr obiolog ical testing. Myrmel et al. (1999) presented their work on using adsorptive filtration and PCR to detect

small round-structured viruses in water and wastewater. The method detected virus concentrations of 0.5 – 5 virus

particles per milliliter in a 500-mL sample. Abbaszadegan et al. (1999) compared PCR  to cell culture testing for the

detection of viruses in groundwater. They found that, with the improved sample-processing technique and large-

volume amplification pro tocol, the PCR test was a rap id and effective tool for screening water for en teroviruses,

hepatitis A virus, and rotavirus. Betts (1999) reported on the evaluation of “DNA chip” technology for the rapid,

sensitive and in expensive  testing of water fo r bacteria, p arasites and v iruses. Zisette et al. (1 999) use d a genetic

fingerprinting technique to assist in identifying source of microbial contamination to Drayton Harbor Watershed,

Washington. The results from the bacterial tests were then to be used to determine which sources (municipal sewage

discharge, failing septic systems, animal management practices, seafood processor discharges, and people who live

aboard houseboats at the marina) were causing the shutdown of the oyster and shellfish harvest areas. Clancy and

Hansen (1999) discussed the lack of use of protozoan monitoring data in public health decision-making. They found

in their survey that the  primary rea son cited b y water com panies was u nreliable da ta. Howev er, the proto zoan da ta

has been used successfully in conjunction with other water quality results to assess treatment efficiency and support

investment p lanning. 

Matloc k et al. (1999 ) used the M atlock Pe riphytomete r to measure  nutrient limitations a nd trophic  status in situ in

the Bosque River Watershed in Texas. The d ata was used to develop a lotic ecosystem trophic status index (LETSI),
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and through the use of LETSI, differences in nutrient limitations in tested streams were detected, including two

streams which were co-limited by nitrogen and phosphorus. Toetz et al. (1999) related annual phosphorus loadings

from eight subbasins in the Illinois River impacted by NPS runoff to the alkaline phosphatase activity (APA) in the

water. The correlation between APA and soluble reactive phosphorus and between APA and the annual predicted

phospho rus loading b y the SIM PLE m odel allow ed the resea rchers to de monstrate w hich of the eight su bbasins did

not require pollution abatement and were not in jeopardy of becoming eutrophied.

Toxicolo gical testing . Doherty et al. (1999) compared Cerioda phnia d ubia  and the M icrotox®  inhibition tests with

Vibrio fischeri  on industrial and municipal wastewaters. For samples that were not toxic, the Microtox® method

correlated well with the results with the C. dubia  results. However, for samples that were toxic to C. dubia  after 24

hours, the Microtox® detected toxicity in only two. For five other samples that the Microtox® found to the toxic, the

C. dubia  required a minimum of 48 hours of exposure before toxicity could be detected. Kosmala et al. (1999) used

C. dubia  in laboratory toxicity tests in combined with field analysis of the Hydro psychid  life cycle to assess the

impact of both the wastewater treatment plant effluent and the stormwater overflow on the receiving water. They

found that the  results seen in the la boratory to xicity tests and in the in -situ biological m easureme nts were due  to

nutrient and micropollutant loadings. Marsalek et al. (1999) used several different toxicity tests to assess the various

types of toxicity in typical urban runoff and in runoff from a multi-lane highway. The tests included traditional

toxicity analysis using Daphnia magna,  the Microtox® toxicity test, sub-mitochondrial particles and the SOS

Chromo test for genoto xicity. Tucke r and Bu rton (199 9) comp ared in-situ versu s laborator y conditions fo r toxicity

testing of nonp oint-source r unoff. The y found that N PS runo ff from urban  areas was m ore toxic to  the organism s in

the laboratory while the agricultural runoff was more toxic to the organisms exposed in situ. The differences seen

between the two types of toxicity tests demonstrated the importance of in-situ assays in assessing the effects of NPS

runoff. Fry (1999) measured the concentration of stable C and N isotopes in the clam Potam ocorbu la amu rensis  in

San Francisco Bay. He determined that the carbon isotope concentrations in the clam correlated to the amount of

riverine, freshwater, input into the Bay while the nitrogen isotope concentrations could be correlated to the watershed

nutrient loadin gs due to hu man activity.
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Risk Assessment 

The Office of Water at U. S. Environmental Protection Agency (1999) published CSO: Guidance for Monitoring

and Modeling as a reference for persons and institutions involved in evaluating the effects of CSO on all users of an

impacted receiving water. Bickford et al. (1999) reported on the methodology developed and implemented by

Sydney Water to assess the risk to humans and aquatic organisms in creeks, rivers, estuaries and ocean waters from

WW F. The model used in this study was designed to predict concentrations of various chemicals in WWFs and

compare the values to toxicity reference values. Brent and Herricks (1999) proposed a methodo logy for predicting

and quan tifying the toxic resp onse of aq uatic systems to b rief exposur es to pollutan ts such as the co ntaminants

contained in stormwater runoff. The method contains an event-focused toxicity method, a test metric (ETU, event

toxicity unit) to rep resent the toxic ity of intermittent eve nts, and an ev ent-based in dex that wo uld describ ed the acute

toxicity of this brief exposure. The toxicity metric proposed (PE-LET50 [post-exposure lethal exposure time]) was

the exposure duration required to kill 50  % of the population during a pre-specified, post-exposure monitoring

period. Colford et al. (1999) proposed three methods of analytically evaluating the impact of storm sewer and

combined sewer outflows on public health, especially in areas that may receive through deposition the harmful

agents in sewa ge and co mbined se wage. In the P uget Soun d region o f the U.S. Pa cific Northw est, Greenb erg et al.

(1999) developed and evaluated the Urban Stream Baseline Evaluation Method to characterize baseline habitat

conditions for salmonids. The methodology, based on assessment of geomorphic suitability, fish distribution and

habitat alteration, was recommended for use to prioritize recovery actions. Stewart et al. (1999) collected diatoms

(Bacillario phyta ) and water quality samples from three streams that drain the Great Marsh in the Indiana Dunes

National Lakeshore. They found that diatom species diversity could be used as indicators of water quality, which

could then be linked to land use in a watershed. Diatom species diversity was most variable in areas with poorer

water quality and was directly correlated to the total alkalinity, total hardness and specific conductance of the water

in the stream.

Easton et al. (1999a and 1999b) presented the first phase of a project for determining the risk associated with human

contact with waters contaminated  with sewage-borne patho gens. Determination of the survival rates for these
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pathogens has been found to be crucial for determining the length of time after a contamination episode that the

water was uns afe for huma n contact suc h as wading, sw imming, etc. D ie-off rate studies fo r total coliform s, E. coli

(including E. coli  0157:H 7), Enterococci, and Giardia lamblia were performed in situ in a stream known to have

SSO. The survival rates, when combined with local hydrologic data, would be used to predict fate and transport of

these microorganisms. Wakeham (1999) reported on the results of the investigation to determine why an $800

million investment program designed to improve swimming water quality in the northwest coast of England was not

effective. They found that the problem of compliance with water quality criteria for human exposure to pathogens

was more  complex  than originally b elieved and  that current da ta analysis techniq ues and m odels by the mselves co uld

not comp letely describe d   the comp lex environm ent.

Surface-Water Imp acts

David et al. (1999) performed a study to determine the response of stream water dissolved organic carbon (DOC)

and orga nic acidity to incr eased inpu ts of ammo nium sulfate to a  whole catch ment. Seve ral mechan isms exist,

including eva porative co ncentration, v apor-liquid  phase pa rtitioning, lowere d washou t volumes o f atmosphe ric

depositio n water, and  dry depo sition, which ma y lead to eleva ted conce ntrations of trifluor oacetic acid  (TFA)  in

atmosphe re and surfac e waters abo ve levels exp ected from  usual rainfall wash out (W ujcik et al., 199 9). Corre ll et al.

(1999a) reported on a study to determine the relationships between precipitation at the seasonal and annual scale and

water discha rge per surfa ce area for se ven contigu ous first and sec ond-ord er tributaries o f the Rhod e River, a sm all

tidal tributary to the Chesapeake Bay, Maryland.

Mason et al. (1999a) reported that the chemistry of a first-order stream in Amherst, Maine with a catchment area of

103 ha h as been stro ngly altered as a  result of road  salt applicatio n at a rate of ap proxima tely 4 t of NaC l per year in

the lower 15  % of the catchment. Pesticide compounds, relative to the landuse composition of the basin, were

detected in all 50 water samples collected from streams in New Jersey and Long Island, New York, during June 9-

18, 1997.  Physical and chemical properties as well as application rates of the pesticides studied affect their detection

frequencie s.  Although all p esticide con centrations w ere within bo th EPA a nd State ma ximum co ntaminant leve ls

(MCL) and health advisory levels (HAL), these criteria apply only to individual compounds, and more than one
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compound was detected in 49 of the 50 samples collected (Reiser and O’Brien, 1999). Watershed properties such as

peatland area have considerable promise as predictors for estimating total mercury (THg) transport in streams

draining forested watersheds in the Great Lakes States (Kolka et al., 1999a and 1999b). Sixteen largely agricultural

watersheds in the upper portion of the North Bosque River of central Texas were reported by McFarland and Hauck

(1999).  The proportion of total P (TP) in runoff represented by soluble reactive P (SRP) also increased as the

percent of dairy waste application fields above a sampling site increased.

Approxima tely 1,100 comm unities in the United States have com bined sewer and storm water systems whose

capacity ma y be excee ded dur ing mode rate or heav y rainfall. Outflows  may occur  that can dep osit water with

varying concentrations of the com ponents of sewage on to public areas, potentially resulting in a range of adve rse

health effects (Colford et al., 1999). Seasonal and event variations in stream channel area and the contributions of

channel precipitation to stream flow were studied on a 106-ha forested headwater catchment in central Pennsylvania.

Variations in stream velocity, flowing stream surface width and widths of near-stream saturated areas were

periodically monitored at 61 channel transects over a two-year period (Crayosky et al., 1999).  Johnson et al. (1999a)

presented information that suggest no n-stormwater source, such as on -site sewage systems and illicit discharges,

were major contributors to the contamination of the Rouge River in Wayne County, Michigan.

Surfac e-wat er effects –  tempera ture. Picksley and  Deletic (19 99) studied  the thermal b ehavior of sto rm runoff

from paved surfaces at two different urban catchments. The thermal trends were explained by equilibrium of thermal

influences, based on the physical interaction o f runoff and paved surfaces.

Erosion  and cha nnel stab ility. Ghani et al. (1 999) fou nd that the thickn ess of a sedim ent depo sit on the botto m of a

rigid rectangular channel greatly affects its erodibility of the deposits. They developed channel erosion equations that

included terms for the deposit’s thickness.  Keshavarzy and Ball (1999) studied the entrainment of sediment particles

in water and found that the number of entrained particles per unit time per unit area was found to be related to the

instantaneous shear stress at the bed. These results were used to modify the Shields diagram. Ashley et al. (1999)



32

investigated the integration of sewer solids’ biodegradability into the existing UK waterway protection standards for

solids erosio n in sewers. T his integrated sta ndard wo uld then be u sed to define  the DO c riteria in streams a nd to

determine the allowable solids discharge. Rhoads and Cahill (1999) studied the elevated concentrations of

chromium, copper, lead, nickel and zinc that were found in sediments near storm sewer outfalls. They noted that

copper and zinc concentrations were greater in the bedload compared to the bed material and therefore were more

likely to be mobilized during runo ff events.

Biolog ical and m icrobiolo gical impa cts. Bailey et al. (1 999) inve stigated the po tential toxicity of storm water runoff

from sawmills in British Columbia to juvenile rainbow trout, and found that the toxicity was related to the divalent

cation concentration, especially for zinc. They also determined that the zinc toxicity was directly related to the low

hardness in the stream, with the range of LC50 of 72 – 272 :g/L associated with hardnesses of 9 – 100 mg/L.

Ambrose and Meffert (1999) investigated the fish assemblages in Malibu Lagoon, a small estuary in California, and

found that the species diversity and richness were small compared to large estuaries, but were comparable to other

small estuaries with less anthropogenic impa cts. Hatch and Burto n (1999), using field and lab oratory bioassays,

demonstrated the impact of the urban stormwater runoff on Hyalella azteca, Daphnia magna, and Pimephales

promelas survival after 48 hours of exposure. The significant toxicity seen at the outfall site was attributed to the

contamina nt accumula tion in the sedim ents and the m obilization o f the top layers o f sediment du ring storm ev ents. A

comparison of highway runoff toxicity with typical urban runoff toxicity was performed by Marsalek et al. (1999).

Their study found that approximately 20  % of the samples collected at the edge of a multi-lane divided highway

(>100,000 vehicles/day) were severely toxic, while only 1  % of the typical urban runoff was severely toxic. Skinner

et al. (1999) showed that stormwater runoff produced significant toxicity in the early life stages of medaka (Oryzias

latipes) and inland silverside (Menidia beryllina). Developmental problems and toxicity were strongly correlated

with the total meta l content of the ru noff and co rrespond ed with exce edances o f water quality criter ia of Cd, Cu , W,

and Zn.

Ecotoxicological experiments were used by Delbec and Muchel (1999) to develop a wet-weather quality potential
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(M) that can be used to evaluate oxygen depletions during WWF. The quality potential was used to demonstrate the

impact of seasonal hydrological conditions on the occurrence of damaging situations in the River Seine. Pess and

Bilby (1999) identified Coho salmon (Oncorhynchus kisutch) distribution and abundance in Puget Sound rivers and

explained the distribution by using both stream-reach and watershed-scale habitat characteristics, including the

influence of urban areas on the habitat. Tree swallows were used by Secord et al. (1999) to determine the impact of

contamination of a watershed and waterway with PCB. The elevated PCB concentrations in the swallows and in the

sediments indicate that PCBs in the sediments can be passed up the aquatic food web of the Hudson River ecosystem

to the terrestrial and avian wildlife that depend on the River for food. Mallin et al. (1999) documented the effects of

Hurricanes Bertha and Fran on the biological community in the Cape Fear area of North Carolina. The natural

hurricane effect of swamp water floo ding into river basins was reduced  DO levels that resulted in fish kills.

Howev er, this damag e, such as the len gth of the low D O levels, was  considera bly increased  by anthrop ogenic

practices, including sewage diversions into the rivers and flooding and discharge from swine waste lagoons sited

adjacent to the river. The relationship between benthic chlorophyta (Ulothrix zo nata ) and urba n stream wate r quality

was demonstrated by Shigemitsu and Hiratsuka (1999).

Crabill et al. (1999) presented their analysis of the water and sediment in Oak Creek in Arizona, which showed that

the sedimen t fecal coliform  counts were  on averag e 2200  times greater tha n that in the water c olumn. W ater quality

standards for fecal coliforms were regularly violated during the summer due to the high recreational activity and

animal activity in the watershed, as well as the storm surges due to the summer storm season. Lemke and Leff (1999)

analyzed the bacterial populations at five sites, including two in disturbed urban streams. The results indicated that

anthropogenic disturba nce of watershed and strea m can alter some bac terial populations (Acinetobacter

calcoaceticus) but not others (Burkholderia cepacia, Pseudomonas putida). Haile et al. (19 99) prese nted the results

of an epidemiological cohort study of swimmers in Santa Monica Bay, California where untreated urban runoff from

Los Angeles was discharged. Higher risks of upper respiratory and gastrointestinal infections were found for

swimmers n ear storm-d rain outfalls, in wate rs with a low ratio  of total to fecal co liforms, and in w aters where e nteric

viruses were detected. Herrmann et al. (1999b) demonstrated through modeling that, for a German city with a
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combined sewer system, blackwater separation by vacuum toilets and urine separation can reduce nutrient discharges

during overflow events by 90  %, especially in the summer when the river water may contain up to 50  % sewage.

These reductions in nutrient discharges might improve the river water quality sufficiently to meet swimming water

quality criteria during most, if not all, of the year.

Chemical imp acts. Stieber et al. (1999) statistically related the pollutant load in urban runoff to interevent dry

period and rainfall intensity with the ultimate goal of developing a simple relationship between the rain variables and

the pollutant loads. The relationship could be used by planners and engineers to evaluate the effectiveness of

pollutant reduction mecha nisms. Bamford et al. (1999) investigated the fluxes of PAH at the air-water interface of

the Patapsco Rive r and found that the fluxes were highest  adjacent to stormwater discharges due to the elevated

concentrations of PAH in the stormwater runoff. A major source of the PAH, benzo(ghi)perylene, pyrene and

fluoranthene  in the rivers in the P aris metrop olitan area wa s found by O llivon et al. (199 9) to be ca r-park dust d ue to

motor vehicle combustion. During heavy rainfall events, PAH primarily were leached from urban surfaces and

transported to the rivers. Zheng and Richardson (1999) related the high concentrations of petroleum hydrocarbons

and PAH  in Hong Ko ng marine sediments to the hea vily urbanized or industrialized areas surro unding the most

heavily pollute d sites. They s howed tha t the oil and its pro ducts were th e major so urces of hydr ocarbo ns in

sediments. S tormwater r unoff from an  urban highw ay in Xi’an, Ch ina was show n by Zhao  et al. (1999 ) to contain

BOD, CO D and suspended solids concentrations at least as strong as typical domestic effluents. However, the

biodegr adability of the o rganic  compounds in the runoff (BOD:COD  = 0.167) was low. Regression equations were

develop ed for BO D and C OD an d for suspe nded solid s and CO D in urban  runoff from the  highway. Gu pta et al.

(1999a and 1999 b) investigated the sources of pollutants to Talkatora Lake in Jaipur, India. They found, using a

mass balance of the lake, that the major cause of pollution to the lake was the first flush of stormwater runoff from

the adjacent residential and co mmercial areas.

Bendoricchio et al. (1999) demonstrated that nutrient concentrations in runoff varied during rain events and that the

deterioration of water quality in the Lagoon of Venice, Italy, was related to the diffuse pollution sources in the
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watershed. As the point sources of pollution were controlled, the relative importance of NPS increased, and

effectiveness of the Lagoon restoration would depend on controlling the diffuse sources of the nutrients. A water

quality index (WQI) was developed by Peters and Kendell (1999) for streams in the Atlanta, Georgia region, and the

sampling data showed that the WQI for nutrients was best for the low-density residential areas and worst for the

industrial area. Yung et al. (1999) investigated the physico-chemical and biological changes in Victoria Harbor,

Hong K ong and fo und that wate r temperatu re, total and o rtho-phosp horus, and  fecal bacteria  were increa sing, while

pH, total nitrogen, TKN, BOD and chlorophyll a were decreasing. However, sampling sites not in the main Harbor

did not reflect these trends, although all sites reflected the fact that Victoria Harbor and its vicinity were polluted by

sewage effluent, stormwater runoff, marine traffic, construction, and ind ustrial activities.

Crosbie and Chow-Fraser (1999) investigated the impact of land use on the water and sediment quality in 22 marshes

in Ontario, C anada. T he conce ntration of ino rganic solids, se diment ph osphoru s, metolachlo r, and ionic stre ngth

were positively correlated with the percentage of agricultural land in the watershed, while the concentrations of PAH

were positively correlated with the percentage of urban land. Heal (1999) demonstrated the accumulation of copper,

nickel and lead in the sediments of a wetland and two detention ponds receiving urban storm runoff in Scotland.

Sedimen t metals conc entrations, ho wever, were  highly variable w ithin each structu re, possibly ind icating short-

circuiting through the ponds and wetland. Platinum, palladium and rhodium were found in road sediments by Rauch

et al. (1999a) with their concentrations increasing since 1984. The increase in bioaccumulation of rhodium in Aseltus

aquaticus in urban rivers was linked to the increased  sediment concentrations o f these automobile-derived m etals.

Shafer et al. (1999) investigated the partitioning of trace metal levels (Al, Cd, Cu, Pb, and Zn) in Wisconsin rivers

and found that the concentrations in the rivers were comparable to recent data collected in the Great Lakes and other

river systems where ‘modern’ clean methods were used for sampling and analysis. They also found that the variation

in the partitioning coefficients of each metal between sampling locations could be explained by the amount of

anthropogenic disturbance in the watershed and by the concentration of dissolved organic carbon (DOC) in the

water.

Environmental effects of CSO and SSO.  CSO and SSO can have damaging impacts on receiving waters. Sanudo-
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Wilhelm y and Gill (19 99) com pared cu rrent pollutan t concentra tions in the Hu dson Rive r Estuary, N ew York  with

concentrations measured in the 1970's. The concentrations of Cu, Cd, Ni, and Zn have declined, while concentrations

of dissolved nutrients (PO4) have remained relatively constant during the same period of time, suggesting that

wastewater treatment plant improvements in the New York/New Jersey Metropo litan area have not been as effective

at reducing nutrient levels within the estuary.  Rather than inputs from point sources, the release of Pb and Hg from

watershed soils, and Ni and  Cu from estuarine sedime nts, may represent the primary contem porary sources of these

metals to the es tuary. 

David and Matos (1999) discussed the difficulties of modeling and regulating the effects of CSO and stormwater

discharges  on the water q uality in Portuga l’s rivers. Emp hemeral rive r flows, rainfall patte rns that differ from  north

to south, the effects of pollutant transport dynamics in sewers and pavements, and bed river resuspension during

storms all influenc e river water q uality. To und erstand the e ffect of CSO  on the river S eine (Franc e), a

characterization of effluent in terms of organic matter and bacterial biomass was carried out during several sampling

campaigns performed in a combined sewer located in Parisian suburbs under wet- and dry-weather conditions. The

only two sma ll differences in rela tive comp osition that co uld be ob served be tween dry an d wet weathe r were slightly

lower con tent of organic  carbon in su spended  solids and a  lower biod egradab ility of this material dur ing rain events

(Servais et al. 1999). Vollertsen et al. (1999b) characterized the biodegradability of combined-sewer organic matter

based o n settling velocity. Fa st settling organic m atter, which rep resents the large st fraction of the o rganic mate rial,

was found to be rather slowly biodegradable compared to the slow settling organic fraction. The biodegradability of

sewer sediments was argued  to be taken into account for d etailed characterization when d ealing with CSO impa cts.

Vollertsen and Hvitved-Jacobsen (1999) studied the stoichiometric and kinetic model parameters for predicting

microbial transformations of suspe nded solids in comb ined sewer systems.

CSO/SS O impacts.  Mason  et al. (1999 b) showed  that the Chesa peake B ay was an efficien t trap for merc ury.

However, in the estuary, methylation of the mercury occurred, the Bay became a source of methylmercury, and on a

watershed scale, only about 5  % of the total atmospheric deposition of mercury was exported to the ocean.

Venkatesan et al. (1999) investigated the potential for using sediment cores to determine the history of chlorinated
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pesticide and PCB application in a watershed. They found that the sediment cores accurately reflected the length of

use of these chemicals in the watershed, and that the surface sediment layer, after mixing and resuspension was

accounted for, reflected the red uction in use that had occurred  during the last few years.

Bellefleur et al. (1999) summarized the data available on the water quality of combined sewer flow in Roeschwoog.

The data that these flows impacted the physical and chemical water quality of the Sauer; however, an impact of CSO

on the biological integrity was not easily seen. Classification of the rainfall into eleven types of events allowed the

investigators to estimate the total loads from polluted overflows during a typical year. Herrmann et al. (1999a) found

that the discharge of urea, which hydro lyzes to ammonia with a corre sponding increase in pH , could cause fish

toxicity after a CS O event. T he conce ntration of am monia plu s urea in the co mbined se wer dischar ge was found  to

be a mor e relevant me asure of the like lihood of a  fish kill after an overflo w event than the  concentra tion of amm onia

alone. Sau l et al. (1999 ) investigated the  produc tion of unde sirable solids in  combine d sewer flow s as it related to

social, economic and ethnic factors. The goals of the research were first to determine the differences in the

characteristics of the solids in the sewers that were ultimately discharged to the receiving water and then to use the

solids’ chara cteristics to pred ict the efficiency of C SO treatm ent devices, e specially CS O cham bers.                 St.

Michelbach and Brombach (1999) showed that the nutrient content, especially of dissolved phosphorus, from CSO

and existing wastewater treatment plants (WWTP) was endangering the health of Lake Constance. They proposed a

simple meth odolog y to estimate the n utrient loads fro m CSO  to the Lake, the  results of which c an be used  to

determine  the cost-effectiven ess of CSO  improvem ent versus W WT P impro vement.

Habitat Management and Restoration 

Bragg an d Kershn er (1999 ) investigated a nother asp ect of biolo gical impac ts – the impac t on the habita ts of aquatic

life – and they found that coarse woody debris in riparian zones can be used successfully to maintain the integrity of

these ecosystems. Larson (1999) evaluated the effectiveness in urban areas of these habitat restoration activities

using large woody debris and found that in urban areas, the success of restoration may be hindered by the high

sediment loads and increased flow associated with urbanization. Markowitz et al. (1999) documented the CSO Long

Term C ontrol Plan  implemen ted by the C ity of Akron, O hio which foc used on ha bitat preserv ation and a quatic life
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use of the receiving waters. The plan included these non-traditional alternatives: riparian setbacks in undeveloped

areas, stream restoration, linear parks or gre enways and artificial riffles for stream aeration, and were found  to cost

less than five percent of the typical cost of controlling CSO flows. A methodology to investigate the chronic and

cumulative d egradatio n of the river O rne due to C SO and  urban runo ff was presente d by Zob rist et al. (1999 ), with

the results being used to evaluate management activities. O’Meara et al. (1999) reported on the restoration of

Newburgh Lake on the Middle Rouge River in Wayne County, Michigan. The $11.8-million restoration consisted of

removing PC B-contaminated sed iment and fish, construction of new fish habitat, and restock ing of beneficial fish

and aquatic plants. Xu et al. (1999) reported on the improvement plan being used for a river passing through the

downtown area o f a city in Western Japan and  the problems that were inheren t with developing a comp romise

strategy between flood control and mitigation and the desire to have an attractive waterway through the city. The

final improvement plan recommended construction of a new flood drain tunnel and a new underground flood control

reservoir.

Cianfrani et al. (1999) used a GIS system to document the results of a comprehensive inventory of the natural

resources of the Fairmount Park (Philadelphia, Pennsylvania) stream system, including vegetation communities, fish,

aquatic and terrestrial insects, birds, mollusks, amphib ians, reptiles, and streams. The stream asse ssment also

included the characterization of stream reaches by in-stream habitat, geomorphology and riparian zone. This GIS

inventory then was used in planning the restoration of sites in the Fairmount Park system. Derry et al. (1999)

reported on the habitat management strategies implemented by the City of Olympia, Washington, to control the

degradation of aquatic habitats by urban stormwater runoff. These management strategies provided a basis for

resolving the conflict between growth and the protection of aquatic resources. Ishikawa et al. (1999) reported on the

efforts to restore the hydrological cycle in the Izumi River Basin in Yokohama, Japan while Saeki et al. (1999) have

documented the efforts of the Tokyo Metropolitan Government and its Basin Committee to restore the natural water

cycle in the K anda Rive r. Kennen  (1999)  investigated the  relationship b etween selec ted basin an d water-qua lity

characteristics in New Jersey streams and the impact on the macroinvertebrate community and its habitat. He found

that urban areas had the greatest probability of having impacted stream areas, with the amount of urban land and the
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total flow of treated sewage effluent being the strongest explanatory variables for the impact. He also found that

levels of impairment were significantly different between the Atlantic Coastal Rivers drainage area and the Lower

Delaware River drainage area.

Jarrett et al. (1999) analyzed the data collected from 1991 through 1998 as part of the stream-monitoring program

implemented in Louisville and Jefferson County, Kentucky. They found that recreational contact standards for fecal

coliforms were exceeded during WW F and that much of the pollutant loadings of suspended solids and BOD w ere

also contributed by WWFs. However, they found that the nutrient loadings were more varied with some impact seen

from wastewater treatment plants. The concentrations of phosphate, total phosphorus, and total volatile solids in the

streams were reduced as more of the watershed was sewered. Reduction of eutrophication through the treatment of

stormwater runoff with storage facilities and wetlands for Lake Biwa was proposed by Hidaka et al. (1999). It was

estimated that this storage and treatment could reduce the COD load to the lake by nearly 70  %. However, wetlands

could be  overload ed and the  water quality of its efflue nt degrade d, as demo nstrated by N oguchi et al. (1 999) in the ir

study of the regulation pond/wetland in Isahaya Bay, Japan. In order to prevent eutrophication of the regulatory pond

it was found to  be necessa ry to control n onpoint so urces of nutrien ts in runoff.

Groundwater Impact              

NPS contamination of surface and groundwater resources with nitrate-N (NO3-N) has been linked to agriculture

across the midwestern United States (Cambardella et al., 1999). Moorman et al. (1999) reported that herbicide,

mainly atrazine  and metrib uzin, transpo rt in subsurface  drainage a nd shallow g roundwa ter can result in un acceptab le

levels of contamination in surface waters.  An investigation of the Walnut Creek watershed, California was

performed to characterize the geology, groundwater flow, and water quality in geological units impacted by

agriculture (Eidem et al., 1999). The infiltration of dissolved herbicides and metabolites from a tributary stream can

occur where the stream crosses a floodplain overlying an alluvial aquifer causing the contamination of shallow

alluvial aquifers at rates that exceed in-field leaching by up to three orders of magnitude (Burkart et al., 1999).

Hatfield et al. (1999a and 1999b) examined a multi-disciplinary study on the effect of farming practices on
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subsurface drainage, surface runoff, stream discharge, groundwater, volatilization, and soil processes that influence

water quality. Groundwater was vulnerable to contamination in karst areas where highway stormwater runoff may

flow directly into k arst aquifers with little o r no natural atte nuation and  transport high way-derived  contamina nts

rapidly from  sinkholes to lo cations in the aq uifer. 

Control of stormwater in sinkhole areas of Springfield, Missouri has involved the utilization of several standard

approaches: co ncrete-lined channels draining into sinkholes; installation of drainage  pipes into the sinkhole "eyes"

(swallow holes); filling of sinkholes; elaborate drains or  pumps to remove stormwater from one sinkhole and

discharging into another drainag e basin or sinkhole; and enlarge ment of swallow holes by exca vation to increase

drainage c apacity.  Th ree sites were a nalyzed to e xamine the e ffectiveness of co ntrasting design  approa ches to

stormwater management.  These sites differ in vegetation, on-site/off-site considerations, and types of development

proposed (Barner, 1999). Since little was known about the influence of micoorganisms which develop in urban

stormwater infiltration basins on the transfer of heavy metals.  Hebrard and Delolme (1999) examined the transfer of

zinc solutions (2-20 ppm) at different pH (4-7) by  columns of sterile sand or sand colonized with Pseudomonas

putida. By the analysis of the observed time series of streamflow from catchments, the main components of the

underlying groundwater balance, namely, discharge, evapotranspiration loss, storage and recharge, can be identified

and quantified. This holistic estimation metho d was demonstrated  for the Harris River catchme nt in southwest

Wester n Australia (W ittenberg and  Sivapalan , 1999). 

Planne d grou ndwa ter recha rge. Dillon et al. (1 999) rep orted on th e use of storag e aquifers und er urban ar eas to

enhance groundwater recharge and to decrease the volume of surface runoff and combined sewer effluent reaching

the receiving w aters. Similarly, Lin  et al. (1999 ) discussed th e use of reclaim ed wastewa ter plus storm water to

recharge the groundwater in the Caprock Aquifer in Oahu, Hawaii.  Munevar and Marino (1999) developed a model

for evaluating the artificial recharge potential on alluvial fans in the Salinas Valley in California. They found that

average recharge/infiltration rates ranged between 0.84 and 1.54 cm/hr and that recharge efficiency ranged from 51

to 79  % . Their mo del results dem onstrated tha t planned re charge and  streamflow au gmentation  could significa ntly

reduce the groundwater overdraft and seawater intrusion in the area. Shentsis et al. (1999) reported on the
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transmission lo sses and gro undwater re charge, includ ing transmission  losses from the  vadose z one, from ra infall-

runoff events in a wadi in Israel. They found that, during large events, evaporation was substantially smaller than the

losses. However, in general, the annual recharge was very small, while losses were on the same order of magnitude

as the stream flo w. Wittenb urg and Siv apalan (1 999) use d streamflow  recession an alysis and bas eflow separ ation to

quantify the components of the groundwater, i.e., discharge, evaporation losses, storage and recharge. Groundwater

evaporation through water uptake by trees biased the recession curve. Data analysis of the data, stratified by time of

the year, allowed the evaporation loss to be quantified as a function of time of the year and the used groundwater

storage.

Genera lly, igneous and  metamor phic rocks  have been  considere d to be ba rriers to grou ndwater flow , while

carbonates were assumed to allow flow through their fractures. Thyne et al. (1999) found, however, recharge

occurring in the Indian Wells Valley through flow in a fractured bedrock that was originally thought to be

impermeable. Their results demonstrated that using surface topography along with a knowledge of the location of the

bedroc k to estimate gr oundwa ter flow quan tity and directio n may not be  suitable. 

Micr obiolog ical impac ts. Barrett et al. (1999) suggested the use of chemical and biological markers for

identification o f urban grou ndwater re charge sou rces. The ir paper d ocumen ted only the sew age ‘fingerprin t,’ a

combination of stable nitrogen isotopes and microorganisms. Trihalomethanes had been proposed as a marker for

leaks in the drinking water mains, but they were not found in sufficient quantity in the drinking water itself to be an

effective mea sure of grou ndwater co ntamination. M arkers were  not presen ted for prec ipitation. 

Soil application was proposed as a means of disposal of propylene glycol-based aircraft deicing fluids (ADF). ADF

biodegradation was investigated by Bausmith and Neufeld (1999) and the results showed that biodegradation of

solutions of less th an 20  %  by weight AD F could b e degrad ed in the soil pr ofile prior to re aching the gro undwater. 

Degradation of the groundwater by human and animal excrement was documented by Buckles et al. (1999) for an

area in Ecuador where the groundwater table was rising. The degradation of the groundwater in combination with the

rising water table produced swamp-like conditions where the water and land were  not suitable even for subsistence
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farming.

Chem ical impac ts. Barraud  et al. (1999 a) reporte d on the qu ality of the ground water belo w two infiltration sites in

urban areas of France. Kayabali et al. (1999) investigated the chemical contamination of the groundwater in alluvial

aquifers adjacent to Ankara Creek since it was believed that Ankara Creek pollution was contaminating the local

groundwater. However, it was determined, using analysis of basic ions, organics and metals, that Ankara Creek was

not responsible for groundwater contamination, partly because a blanket of fine sediment in the bottom of the creek

was expec ted to adso rb pollutan ts and to red uce infiltration rate s. Lerner et al. (1 999) co mbined a  water balan ce with

multiple solute balances to model the flow of water and chemicals into the groundwater under Nottingham, UK.

They found that sewers contributed only about 13  % of the total nitrogen loading, while leaking drinking water

mains was ab out 36  %  of the total. Th e remaining 5 0  % of the  nitrogen loa ding came  from park s, gardens, lan dfills

and industrial spillages. Reddy (1999) reviewed the available data from public water suppliers in Wyoming which

use groundwater. Nitrate and pesticides were two of the most frequently detected contaminants in groundwater and

two of the mo st frequently de tected pestic ides were ald icarb and  atrazine. Gr oundwa ter contamin ation was fou nd to

be a problem especially in areas that were heavily agricultural. Stephenson et al. (1999) investigated the impact of

highway storm water runoff flow ing through a  karst area and  found that little to no  attenuation o f the runoff pollu tants

occurred. For most of the contaminants analyzed, the peak loadings arrived at the groundwater table and at the spring

it recharges approximately one hour after they were found in the sinkhole that received the highway drainage.

Nowicki et al. (1999) found that denitrification of groundwater was not significant in a well-oxygenated vadose zone

and aquife r. Denitrification  was found to  occur to a g reater extent in th e estuary which  receives the g roundwa ter. 

Mengis e t al. (1999)  used nitrate-to-c hloride ion  ratios, conce ntrations of 15 -Nitrogen a nd 18-O xygen and a n in-situ

nitrate/15-N tracer experiment to investigate whether nitrate was being attenuated in the vadose zone and/or the

aquifer belo w a riparian z one. Th eir results confirm ed that den itrification rates co uld be me asured in situ usin g this

procedure. They also confirmed that this methodology could distinguish between water being recharged from the

riparian zone versus that being rec harged from irrigation of the nearb y agricultural fields.



43

DECISION-SUPPORT SYSTEMS

Modeling and Model Applications

Nnadi et a l. (1999) c ompare d the ability of va rious design  storm distribu tions to simulate  the actual rainfall p attern to

the runoff rates used in the design of stormwater management devices in the State of Florida using continuous

simulation. According to Murphy and Lokey (1999) a model was developed to assess urban BM P efficiency on the

total  pollutant load using a s imple spreadsheet  and Monte-Carlo s tyle  simulator . The model suggests  that many BMP

used to comply with the National Pollutant Discharge Elimination System (NPDES) requirements appear to have

little impact on the annual load. It might be argued that many BMP need to be evaluated at the source, not the

receiving stream.

The Object Watershed Link Simulation (OWLS) model was developed and used to simulate the hydrological

processe s within the BB WM .  The OW LS mod el was a three-d imensional, ve ctor-based , visualized, ph ysically-

based, distr ibuted wate rshed hydro logic mod el.  Simulation re sults provide d a close ex amination o f hydrologic

processes of flow separations and Variable Source Areas (Chen and Beschta, 1999). Bent et al. (1999) evaluated the

runoff and erosion response of two perennial grass species on simulated waste burial covers at Idaho National

Engineerin g and En vironmen tal Labora tory.

A multilayer control structure consisting of an adaptation, an optimization, and a direct control layer, was proposed

for the solution of this complex problem (Marinaki et al., 1999). The Monte-Carlo simulation approach was

demonstrated in an integrated setting involving models for rainfall characteristics, CSO loads and impacts on the

surface water DO.  CSO loads were modelled using event lumped non-linear regression models with rainfall as input

and with overflow volume, duration and relevant event mean concentrations as output; oxygen depletion in the

surface water was described using a dynamic model including oxidation of dissolved COD and nitrification.  The

paramete rs of all the mod els were estima ted from o bserved d ata on rainfall, C SO load  and surface  water impa cts

(Grum and Aalderink, 1999) . A two-phase decision-making software,  DELTANOE, was used for  the choice of  BMP

in urban stor mwater dr ainage (B arraud et al., 1 999b) . Two ph ases: an elimina tion phase w hich perm its the user to

exclude solutions which were identified as unworkable according to site considerations and a decision phase which
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allows the decision makers to co mpare and at least to cho ose a scenario built up with feasible solutions.

Constructed wetlands used for stormwater treatment accumulate metals primarily in their sediment, which has the

potential to p roduce to xic effects in ben thic or aqua tic organisms .  A system dyna mics mod el was deve loped to

represent these processes and the major influences affecting pore water metal activity in a treatment wetland

receiving stormwater influent. Simulation results demonstrate that chemical processes of acid volatile sulfide (AVS)

and organic carbon in binding metal in reduced sediments were  the greatest influences in controlling metal

bioavailab ility (Woo d and Sh elley,1999 ). The wetla nd mod el utilizes a hydro logy mod el coupled  to a hydraulic

stream-routing model. A depth-averaged laminar flow model was used to simulate the horizontal movement of

stormwater both through and over the wetland sediments, a 400-ha first-order headwater swamp located within the

Teeswater River watershed in southern Ontario, Canada. An analysis revealed that the simulated wetland

streamflows were sensitive to the antecedent saturation of the wetland sediments, the storage and flow transport

characteristics of the wetland sediments, and the conveyance capabilities of the wetland channel system (McKillop et

al., 1999). Welker et al. (1999) investigated possible changes to quantity and composition of sewage in the combined

sewer system and the WWTP caused by new stormwater management strategies (mainly by disconnecting areas from

the sewer system). Various scenarios were developed and the consequences on the water systems were calculated by

using the simulatio n model K OSM O, in a fictional c atchment.

Accord ing to Strecke r et al. (1999 b), the EP A coop erative resea rch progr am with the A merican S ociety of Civil

Engineers (ASCE) developed a mo re useful set of data on the performance and effectiveness of individual BMP and

to assess the relationship between measures of efficiency and BMP design. BMP monitoring data should not only be

useful for a particular site, but also be useful for comparing studies of similar and different types of BMP in other

locations.  It suggested some of the ways that data should be collected to make it more useful for assessing factors

(such as settling characteristics of inflow solids and physical features of the BMP) that might have led to the

performance levels achieved.  It recommended efficiency calculation methods and appropriate terminology to be

used in  evaluating BMP assessment  studies.  In  addit ion, Clary et a l.  (1999)  stated that the Nat ional  Stormwater  BMP

Database included test  si te  locat ion character is tics , sponsoring and test ing agencies,  watershed character is tics , BMP
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design and cost data, monitoring locations and instrumentation, monitoring costs, precipitation data, flow data, and

water quality d ata. The d ata retrieval, or  search engin e, portion o f the software en abled user s to retrieve B MP d ata

sets based o n a variety of sea rch criteria suc h as geogra phic locatio n, watershed  size, BM P type, and  water quality

paramete rs. 

Traver ( 1999)  examined  the calibration  and perfo rmance o f a hydrolog ic model in re creating reco rded storm  events

from both the stormwater wetlands and the wetlands stream, and the nutrient removal effectiveness of the stormwater

wetland ba sin. The de sign of stormw ater manag ement system s has beco me com mon pra ctice in the last twen ty years. 

The micro- and macro-management of stormwater design was examined from a design engineer’s viewpoint based

upon the traditional establishment of design values and not just meeting regulatory edicts (Olenik, 1999). The

Hydrologic Simulation Program Fortran (HSPF) has been calibrated for a sub-watershed of the Upper Roanoke

River system. The model would provide inputs needed by other components of the study in describing environmental

impacts of urbanization (Lohani et al., 1999). The software discussed provides a decision support system for

drainage engineers involved in the design of stormwater management facilities.  The program provides suggested

design parameter values that user can modify, test and accept. A special feature allows the output file from one

design session to be used as input to automatically test the design for a different storm, test a change in catchment or

design parameters or simply to complete a design in two or more sessions (Smith, 1999).

The local Water Authorities of the Basque Country (Spain) have adopted an integrated model for the design of the

sewer system of this community. The model was developed specifically for the study of coastal sewerage under

dominant wet weather conditions. It includes: (1) Establishment of the site specific statutory requirements and

environmental objectives, (2) Design of sewer system components with specific reference to influences on marine

water quality, and (3) Development of monitoring programs (Alvarez et al., 1999).

According to M oustafa (1999a), long -term data collected at Bo ney Marsh, Florida a nd the EPA w etland database

were analyzed to develop a simple tool that can be used to predict and optimize phosphorus retention in wetland

treatment systems. Wetland properties such as water loading rate, water depth, P-loading rate, and water retention
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time were examined for their influence on phosphorus retention. The relationship between wetland properties and

phosphorus removal efficiency was reduced to a simple quantitative diagram (The Phosphorus Removal Efficiency

Diagram ) a simple ma nagemen t tool that pred icted expe cted treatme nt range using c ontrollable  hydrologic

conditions.

The responses of ADAP T, a daily water-table management simulation model, to variations in the principal input

parameters which define hydrologic response units on a watershed was evaluated (Gowda et al., 1999a). Simulated

agricultural runoff amended with sediment, nitrogen, and phosphorus, was passed through an experimental

sedimentation basin. A series of six seque ntial runoff events was run through the basin for each  of two treatments.

The treatments consisted of one-day and three-day detention times, created using a perforated riser outlet structure

(Edwards et al., 1999b). Most hydrologic/water quality (H/WQ) models that use rainfall as input assume spatial

homogeneity of rainfall. Under this assumption this study assesses the variability induced in calibrated model

parameters solely due to rainfall spatial variability. A large uncertainty in estimated model parameters can be

expected  if detailed varia tions in the input ra infall were  not tak en into acco unt (Chaub ey et al., 1999 ). 

The UP (Upscaled Physically-based) hydrological modeling system to the Arkansas-Red River basin, United States

was designed for mac roscale simulations of land surface pro cesses, and aims for a physical basis and , avoids the use

of discharge records in the d irect calibration of parameters. T his was achieved in a two stage pro cess: in the first

stage parameterizations were derived from detailed modeling of selected representative small catchments and then

used in a sec ond stage in  which a simp le distributed m odel was us ed to simulate  the dynamic  behavior o f the whole

basin.  Outputs from the model were discussed, and include river discharge at gauging stations and space-time fields

of evaporation and soil moisture (Kilsby et al., 1999). The UP mo deling system has been applied to the 570,000 km2

Arkansas-Red River Basin (ARRB) as part of the UK NERC Terrestrial Initiative in Global Environmental Research

(TIGER). The parameters of the ARRB model were physically-based, being derived either from fine-scale, sub-grid,

data on the  topograp hy and physic al proper ties of the soils, aqu ifers and vege tation of the ba sin, or from the  results

of fine-scale ph ysically-based sim ulations. Th e ARRB  model, as d escribed h ere was a first attem pt at large-scale

physically-based hydrological modeling of the type outlined in the 'blueprint' for the UP system, and gives a clear,
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positive, indication of the nature and quality of what was currently practical with the approach (Ewen et al., 1999).

Distributed models were more and more used in regional hydrology. One of the main reasons was their essential

compatibility with raster data in Geographical Information Systems.  Zech and Escarmelle (1999) investigated the

possibility of using other kinds of databases designed more specifically for cartography.  Cassar and Verworn (1999)

described the upgrading of the existing hydrodynamic rainfall runoff model HYSTEM/EXTRAN and the decision

finding model INTL for real time performance, their implementation on a network of UNIX stations and the

experiences from running them within an urban drainage real time control project. The main focus was not on what

the models do but how they were  put into action and made to run smoothly embedded in all the processes necessary

in operatio nal real time co ntrol.

A physically-based model was used to simulate runoff in agricultural watersheds with tile drainage systems. The

TOPM ODEL, which was based on the detailed topographical information provided by a digital elevation model

(DEM), was modified for this simulation study.  The simulated hydrologic response was designed to produce several

components of the outflow hydrograph which were associated with the various possible flow generation scenarios

(Kim et al., 19 99). 

A proce dure was intro duced fo r applying the  statistical appro ach to water -table mana gement mo dels, e.g.,

DRAINMOD, a H/WQ model used to simulate lateral and deep seepage through the soil profile. In the evaluation

procedure, probability distribution functions were developed for the most sensitive input parameters, output

probab ility distribution functio ns were dev eloped u sing Mo nte-Carlo sim ulation, and the  output pro bability

distribution functions were used to assess the model. DRAINMO D performed successfully in the evaluative

procedure in predicting the runoff, subsurface drainage volume, and the water-table depth fluctuations, which were

expected to be most susceptible to input uncertainty (Sabbagh and Fox, 1999).

Donne lly-Makow ecki, and M oore (19 99) exam ined whethe r the quasi-distrib uted respo nse function us ed in

TOPM ODEL provides superior performance for event simulation in small, temperate forested catchments, compared
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to lumped reservoir representations of runoff routing similar to those employed in many catchment hydrology

models. The alternatives were a two-reservoir black-box model and a three-reservoir model structured to represent

our perceptual model of runoff processes based on held observations. A second objective was to test the statistical

significance of differences in model performance using a new approach that combines the Jackknife with analysis of

variance (ANOVA).

Vertessy an d Elsenb eer (199 9) describ ed a pro cess-based  storm-flow ge neration mo del, Top og SBM  consisting of a

simple bucket model for soil water accounting, a one-dimensional kinematic wave overland flow scheme, and a

contour-b ased elem ent network fo r routing surfac e and subs urface flows. A side from to pograp hic data and  rainfall

the model has only six input parameters: soil depth, saturated hydraulic conductivity at the soil surface, the rate of

decay of saturated hydraulic conductivity at the soil surface with depth, the Manning surface roughness parameter,

the maximum (saturated) soil water content, and the minimum (residual) soil water content. The model was applied

to La Cuenca, a very small rainforest catchment in western Amazonia that has been well characterized in several

hydrometric and hydro chemical investigations.

The Au ckland Re gional Co uncil (ARC ), New Ze aland pub lished a man ual for design  of stormwate r quality

improvement devices (TP10). Within that manual a modified Rational Method was used for flood estimation.  An

improve d method  was develo ped for estim ation of storm  runoff to repr esent the effects o f different app roaches to

land deve lopment, inc luding the use o f different types of la nd cover  and draina ge systems, whic h could signific antly

modify the volume, timing and peak rat of runoff (Levy and Papps, 1999). The ARC developed a manual “Low

Impact Design for Stormwater Management” (Shaver, 1999a). Schueler et al. (1999) described a series of 22 land

development principles developed by a consortium of American planning, road, banking, engineering, development

and public safety organisations. The environmental impact assessment database being developed for Project Storm

consists of a ranking system to provide comparative data for aquatic resources in terms of existing natural

environmental values and existing effects (Stevens et al., 1999). Modelers were often faced with data gaps and other

problems which may not even come to light until well into the modeling process. Greer (1999) addressed these issues

in the context of a case study of a watershed management project conducted in Silver Lake Watershed in central
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Delaware. A suite of hydrologic, sewer system and riverine water quality models have been used to address technical

questions that have been asked in Rouge River Watershed (Michigan) planning (Kluitenberg et al., 1999).

CSO m odeling and  analysis.   Modeling and analysis of combined sewer systems received considerable attention.

Milina et al. (1999a) described the development of an integrated model and its application to the Hovringen

wastewater system in Trondheim, Norway. The model integrates sewage production, transport and treatment

simulation, the interface with existing databases and the simulation of processes that were  controlled in real time,

and has been used to design the treatment process as well as static and dynamic measures in both the catchment and

the sewer system. Krebs et al., (199 9b) use measurem ents and numerical simulations to show  that the first flush

effect may cause a significant impact on the receiving water when CSO occurs, or on a wastewater treatment plant

when the sewer network was flat and catchment area was large.

Furumai et al. (1999) applied a distributed model to study the reduction of CSO pollution for a combined sewer

system in Japan, which contains a storage pipe with 3 weirs for inundation control. Results indicate that the model

can be applied for evaluating effectiveness of modified operation or new installation in the sewer system for

suspende d sedimen t load redu ctions, once  initial conditions  on surface d eposits and  sediments w ere prop erly

determined. Jack et al. (1999) described a study which utilized detailed simulation models of the sewerage and

treatment plant performance for the City of Perth in Scotland in order to investigate the potential problems caused by

introducing system storage to con trol both flooding and p olluting spills.

Miles et al. (1 999) pr esented a m ethod of an alyzing flow and  rainfall monito ring data that ha s successfully

documented rainfall dependent infiltration and inflow (RDI/I) reduction in Charlotte, North Carolina and Greenville,

South Carolina. T he method relies on scientific principles including g ood data qua lity control practices and the use

of control ar eas to establish  changes in R DI/I betwe en monito ring period s because o f environme ntal factors. Sch ultz

et al. (1999) summarized research, conducted by a team of consultants and cooperating municipal agencies, which

identified and  tested eight ma jor catego ries of rainfall der ived infiltration an d inflow (RD II) analysis meth ods in

several diverse sewersheds. They identified metrics suitable for objective comparison of the RDII analyses, and
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concluded with recommendations for selecting RDII methods appropriate to a variety of applications. In the

Netherlands, a very simple criterion for flooding was used to check the hydraulic behavior of a drainage system,

whereas The European approach was more strict but not applicable. Therefore, van Luijtelaar (1999) presented an

alternative approach to elimina te hydraulic bottlenecks in drainage systems in flat and m oderately sloped area s.

Watershed Management

Controv ersy surround s propo sed revision s in access and  recreation p olicy at central M assachusetts' W achusett

Reservoir, a crucial source of drinking water for metropolitan Boston (Steinberg and Clark 1999).  Although tensions

persist between Boston and the Wachusett region, area residents' complex valuation of the reservoir as a space of

utility and a place of everyday life suggests opportunities for consensual resource coalitions and initiatives.  Duram

and Brown (1999) present the results of a mail survey of 64 federally funded watershed initiatives in the United

States.  The perceived effects of participatory watershed planning include increasing awareness of watershed

conditions, heightening interagency coordination, reaching consensus on resource management plans, and lending

legitimacy to final p lans.  

Fifty-one munic ipalities and co unty and regio nal agencies  in the Rouge  River W atershed in m etropolitan  Detroit,

Michigan were using the "watershed approach" to solve water-quality problems from CSO, stormwater, NPS and

illicit discharges (Johnson et al. 1999b).  Latchaw and Jarrett (1999) described a watershed restoration strategy for

an urban stream in Louisville, Kentucky that was damaged by a flood. The local flood management agency, the

Louisville and Jefferson County Metropolitan Sewer District, chose to change its flood and environmental

management practices to reduce similar problems in the future.  Letey (1999) presented the results of a case study

that illustrates the interaction between the political system and science on a water management issue. Irrigation

projects in the western San Joaquin Valley, California led to a situation requiring subsurface drainage and disposal of

the drainage water. The original plan was to discharge the drainage water in the Suisun Bay east of the San Francisco

Bay, California. Severe damage to birds associated with selenium in the water led to a reevaluation of irrigation and

drainage m anageme nt options. 
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Norton  (1999)  outlines the G ulf of Mexic o Progr am (GM P) that was en visioned as a  multi-stakehold er endeav or to

improve coordination among Federal and Gulf State agencies and to directly involve non-government organizations

in the development and implementation of actions to address key environmental problems confronting the Gulf. The

GMP works to identify and implement innovative and incentive-based approaches that support Gulf State and coastal

community efforts to improve the quality of life for their citizens and their environment. Sneve et al. (1999)

summarize a study by the Louisville and Jefferson County Metropolitan Sewer District (Kentucky) to develop and

evaluate pretreatment program performance measures that were intended to lead toward a further reduction of

pollution from industrial (indirect discharge) sources. The objective of this project was to develop, implement, and

assess specific p erformanc e measure s designed  to measure  the environm ental impac t of the pretrea tment prog ram in

a selected sewershed o r watershed.  The State o f Washington has pio neered the use of watershed  analysis as a

regulatory tool since 1992 (Sturhan 1999). The rules and methods for conducting watershed analysis were developed

by Timber/Fish/Wildlife, a cooperative of the timber industry, Indian tribes, environmental groups, and government

agencies. Forested basins of about 10,000 to 50,000 acres were delineated across the state, and about 60 analyses

have been com pleted, with another 35 in pro cess.

A successful public outreach and stakeholder involvement campaign, together with a thorough engineering

investigation and planning program, was helping the City of Edmonton, Alberta, Canada develop and obtain support

for a cost-effective CSO control strategy (Barth et al. 1999).  The Towards A Cleaner River (TACR) campaign was

developed based on a need to inform and involve the public and interested stakeholders in the development of

Edmonton’s CSO control strategy.  Schroedel et al. (1999) described   efforts to finance Wisconsin’s Rock River

Waters hed Par tnership, a bro ad-based  stakeholde r group co mmitted to a ddressing n utrient and o ther water qu ality

managem ent issues.  W illiams (199 9) describ ed the So uth Dade  Waters hed Pro ject that analyze s the relationship

between w ater and land  use.  It tries to establish  consensus w ith stakeholde rs, and dev elops regio nal planning c riteria

that would assure a sustainable water supply and protection of species in the Everglades National park and the

Biscayne B ay, while impro ving urban, a gricultural and  natural systems fo r south Da de Cou nty, Florida. 

Australia's 'Landc are' program  was a com munity-based  participato ry program  established b y governm ent to tackle
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the problem of land degradation.  Landcare involves thousands of Australians working together in locally based

groups, tac kling prob lems of com mon con cern. Ewing  (1999)  reviews how  the State of V ictoria has resp onded to

these challeng es and sugg ests what challen ges remain. C oncerns ab out stormw ater pollution  were relatively ne w in

Australia, and  the physical and  administrative  systems neces sary to cop e with these hav e not fully evolve d. 

O’Loug hlin and Ro binson (19 99) desc ribed the gro wth of these co ncerns and  how they cam e to be imp ortant,

dealing pa rticularly with the Au stralian State of N ew South W ales (NSW ). Stormwa ter manage ment prac tice in

NSW has develop ed in a somewhat haphazard manner (Robinson and O’Loughlin, 1999). T he evolution of current

practice was critiqued. The impact of recent government initiatives including the NSW requirement to prepare

catchrnent based stormwater plans was reviewed and suggestions made. A more rational policy framework was

propo sed which m ay have add itional advan tages to the cur rent arrange ments.  

Eckert et al. (1999) summarize a management plan for an urbanizing river in Australia.  A management system,

including gross pollutant traps, automatic flocculant dosing and 16 ha of lakes was designed to address many of the

failings observ ed in similar system s.  McAliste r et al. (1999 ) summariz e major sc ientific studies co nducted in

south-east Queensland that highlight the importance of stormwater runoff as a significant contributor to the

degradation of the local environment that has occurred since European settlement. These studies have identified the

fine sediment component of urban stormwater as a key cause to these environmental impacts. As a consequence of

these studies, a 'total catchment' approach has been developed and applied to urban stormwater quality management

in Brisban e.  A 199 6 amend ment to N ew Zealand 's Local Go vernment A ct 1974  requires loc al authorities to

complete  asset manag ement plan s (Watts an d Green away 199 9). This req uired the ide ntification and lo cating of all

assets owned and operated by local authorities, condition and performance assessments, and the definition of

accurately cost estimates of levels of service for all service delivery activities. It became clear in Christchurch that

commo nly accepted  infrastructural asse t managem ent appro aches threate ned to und ervalue or ig nore assets w ith

natural or social values.  Currently over one hundred and sixty local government agencies in NSW, Australia have a

legal require ment to pre pare catch ment-based  stormwater m anageme nt plans. Bro wn and B all (1999 ) report on  their

efforts to gauge  and evalua te response s by stormwa ter manage rs in the proce ss of prepa ring these plan s. 
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Clifforde et al. (1 999) de scribed d evelopm ents that were c urrently taking p lace toward s the creation o f a

comprehensive integrated management capability for urban wastewater systems. The principal vehicle by which

these developments were taking place was a European Union (EU) funded collaborative project led by WRc and

DHI together with numerous other partners. The project comprised both technological developments in terms of

proced ural issues, hard ware and so ftware and e xtensive pra ctical testing via a se ries of pilot stud ies.  Konig e t al.

(1999) described some results of an integrated model application in the Hovringen wastewater system in Trondheim,

Norway.  The model includes wastewater production, surface run-off, infiltration, transport and treatment under a

joint Matlab/Simulink platform. The model also allows the effects of real time control to be simulated. The objective

was to minimize pollution discharges to receiving waters and to define design loads for the extension of the treatment

plant.  Bazzurro et al. (1999) described a pilot project carried out in the framework of the EU Technology Validation

Projec t. This pilot pr oject was re lated to the co mbined u rban drain age system o f Genoa's histo ric center that co nsists

of eight natural stre ams flowing in c ulverts under  the urbanize d area.  T he Venic e, Italy study was o ne of the pilots

of the “Integrated Wastewater Project under the EU sponsored Innovation Program (Pretner et al. 1999). The project

aims to demonstrate that an integrated approach to the planning and management of wastewater facilities was

feasible and cost-effective. The project focuses on the integrated modelling of the sewer network, wastewater

treatment plant and the Venice lagoon. The model will aid in optimizing the planning and management of the

wastewater structures by adop ting innovative monitoring and co ntrol technologies.

Musiake et al. (1999) discussed the basic concept of improving the water cycle to better support sustainable urban

systems in Jap an.  An investiga tive proced ure was pre sented that ex plains how to  set up the pro ject goals an d how to

evaluate the water cycle.   Tsunoyama et al. (1999) described efforts to restore the hydrologic cycle in the Ebi River,

which flows through Funabashi City in Japan. Using a physically-based distribution model, the authors studied

quantitative changes in the water circulation system ove r time, and deduced  future changes.

Sustaina bility.  From definitions of sustainability, Rijsberman and van de Ven (1999) derived five key elements, by

which sustainable development can be described. The most important differences in the approaches can be reduced

to the basic attitude towards (a) people in their environment and (b) norms and values. Combining these two
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components leaded to four basic approaches to sustainability. The suitable definition of spatial scales of investigated

systems was one of the most important questions within the water management (Stransky et al. 1999). The approach

of transfer of global principles to local scale allowed determining major problems in areas investigated and

establishing linka ges to their cau ses.  The urb an water ma nagemen t objectives o f ecologica l sustainability, econ omic

efficiency and urban amenity required the adaptation of an integrated approach to water management. Lawrence et

al. (1999) reviewed  developments in the ap plication of total water cycle based ma nagement appro aches across

Australia, Canada, United Kingdom and United States. The authors concluded that the need for a more integrated

approach to urban water management was now being widely recognized, with a growing adoption of total-water

cycle-based management, and substantial investment in ongoing studies and research related to its further

application.

Loke et al. (1999a) presented a framework that attempts to give an overview of the scientific tools used in urban

storm drainage to water-quality problems. It tried to clarify the structure and terminology of current engineering

methods by using diagrams, namely the problem identification and management scheme, the decision-making

process scheme and the actual methodology overview.  Recent emphasis on citizen group or stakeholder involvement

in a variety of urb an stormwa ter related po licy making situatio ns has led to the  need for the  technical pro fessional to

become proficient in facilitating such groups. Reese (1999) described a series of related techniques, principles and a

process that have been used successfully in a variety of stormwater-related policy making settings including

stormwater  financing cred it approac hes, rate mak ing studies, ma ster planning a nd progr am deve lopment. L angeveld

and Wiggers (1999) look at urban storm drainage and urban sanitation, not as technical problems but as conceptual

ones. This paper introduces a three-stage approach, first focusing on concepts of urban water systems by combining

unit-flows (water a nd material flo ws).  Then th e concep ts were  classified, a nd an assess ment of bo th the possibility

and desirability of the selected concepts was made.  The advocated approach offers opportunities for more

appropriate urban water systems by proposing new concepts for urban water systems and by guiding existing urban

water systems to wards sustaina bility.

TM DL. Three municipal treatment plants and stormwater runoff were designated as sources contributing to the
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impairment of South San Francisco Bay, California (Tucker et al. 1999).  The City of San Jose, California believed

that the TM DL pro cess served  as an impo rtant way to eng age stakeho lders in the de velopme nt of regional-

environmental-management strategies.  Mooney et al. (1999) presented a new TM DL-modeling framework for the

Delaware River to accurately represent the current condition of the river. Novotny (1999) provided direction for

TMD L research.  TMDL me thodologies and concepts have several problems, including determination of loading

capacity on ly for low-flow critica l periods tha t preclude c onsideratio n of wet-weathe r sources in w ater-quality

managem ent.  Researc h was need ed to dev elop water shed pollu tant loading a nd receiving -water loadin g-capacity

models that link wet- and dry-weather-pollution loads to the probability of exceeding water-quality standards.  Chen

et al. (1999a) presented a decision-support system (DSS) to calculate the TMD L of various pollutants for water-

quality limited sec tions within a river b asin. The D SS include s a watershed -simulation mo del, a datab ase, a

consensus building module, and a TMDL m odule that provides a worksheet for the calculations. The methodology

was demonstrated with an example application in the Catawba River, Alabama.

 

Mo dels

Kornecki et al. (1999) evaluated the Spatially Integrated Models for Phosphorus Loading and Erosion (SIMPLE) for

predicting ru noff volume , sediment los s, and pho sphorus lo ading from  two watershe ds.  SIM PLE ten ded to

underestimate runoff volumes during the dormant period, from November to March.  Results of model evaluation

indicated tha t SIMP LE's predic tive ability was acc eptable for  screening ap plications bu t not for site-spec ific

quantitative predictions.   Schwartz and Naiman (1999) derived the mean and variance of planning level load

estimators under mild parametric assumptions and using a distribution free approximation. Common use of the mean,

median, or geometric mean of event concentrations was shown to result, in general, in biased estimates of the mean

annual load.  Substantive implications for regional assessments, planning, and watershed management were

illustrated with a simple example drawn from Chesapeake Bay, Maryland.  Alex et al. (1999) described a system of

numerical models (PLASKI, SIMB A sewer and SIMBA ) for simulation of wastewater production, transport and

treatment, respectively. The three modules were all running under MATLAB/SIMULINK  and allow integrated

simulation of p rocesses in a ll three-system co mpone nts.  
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An integrated system in Flanders consisting of a sewer, a wastewater treatment plant and a river component was

selected for a modelling project (Fronteau and Bauwens 1999). The purpose of that project was to assess the impact

of CSO on the receiving water and to investigate on the effects of different operating scenarios within the sewer

system. Commercial mathematical models were used, i.e. both the sewer network and the WWT P were modelled

with Kosim, while Isis was used to represent the river system.  Brashear et al. (1999) described a project to deliver

stormwater managem ent information through the W orld Wide  Web. T he Texas N onpoint SourceB OOK  was a

Web-based stormwater quality guidance document for public works professionals in the State of Texas. The

SourceBOO K allowed users to access a wide variety of stormwater management information including the

applicability and cost-effectiveness of stormwater management practices, legal authority issues, funding mechanisms

for stormwater programs and local water-quality information. Most importantly, a database of over 100 BMP was

available for users to access, allowing a diverse audience to become familiar with BMP principles and application

proced ures (sizing, de sign principle s, etc.). 

Real-tim e contro l.  Despite considerable modeling efforts in recent years, a tool was still lacking which allows the

simulation of sewer system, treatment plant and river as well as the analysis of real-time control (RTC) strategies

using informa tion from all pa rts of the urban  wastewater syste m.   Schutze a nd Einfalt (1 999) an d Schutze  et al.

(1999) presented a software package for synchronous optimization and simulation of the urban wastewater system

(SYNOPSIS) that integrated the simulation of the sewer system, treatment plant and receiving water and can be used

for RTC.  Marti et al. (1999) described an optimization procedure for RTC of a combined sewer system in the city of

Barcelona, Spain.  The control system involves measuring the variables at various points, collecting the data at the

control center, processing and analyzing the data, and deciding on what actions should be taken by the actuators on

the basis of the real time, self-calibrating hydraulic model.  Moller et al. (1999) described a predictive urban

drainage RTC system, which was based on a standard urban drainage modeling tool. The potential operational

benefits associated with predictive RTC were illustrated through a test case.  Reda and Beck (1999 ) studied the

impacts of C SO on riv er water qua lity using the Mu ltiple Continuo usly Stirred T ank Reac tor (MC STR)  dynamic

model.  The potential for applying this model in a real-time context was demonstrated as a tool to support decisions

regarding treatment plant operation during storm events, when it was often not possible to sustain full treatment of
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the incoming  sewage flow.  

The city of Barcelona, Spain has a 1,450 km-long combined sewer system with 10 pumping stations, 16 gates and 3

holding tanks.  Marques et al. (1999) presented a remote control system that enables images obtained from a

meteorological radar to predict current and future rain levels in the city of Barcelona, Spain. The received images

were calibrated with the remote-controlled rain gauges in real time.  Vazquez et al. (1999a) examined the value of

real-time management of a sew er system to reduce the impac t of effluents and thus improve the quality of the host

environment. The aim was to make better use of the storage capacities in the mains and tanks to reduce discharges

into the environment. A multi-criteria optimization algorithm was used to provide control strategies for the

compo nents of the sew er system, e.g., sluice s and pum ps. Grap h theory has b een chose n as the mathe matical tool.

The study was applied to the sewer network of Saverne.  Worm et al. (1999) used control strategies to equalize the

hydraulic loading of a WWTP using a grey-box model of the sewer system that was based on correlation properties

of flow, water level and pumping activity.  The influent flow pattern showed fast transitions due to two major

pumping stations in the sewer system that were operated by means of local control.   By applying a stochastic flow

model, ca libration can  be avoid ed since the p arameters w ere estimated  directly from the  data.  Hern ebring et al.

(1999 ) describe d   the three Sw edish pilot p rojects carr ied out as pa rt of the Tec hnology V alidation P roject 

"Integrated  Wastew ater" (19 97-200 0), suppo rted by the E uropean  Comm ission. 

The three  Swedish p rojects wer e  carried o ut in the cities of H elsingborg , Halmstad  and Sund svall.  All three pro jects

focus on the interaction between the sewer system and the wastewater treatment plant under variable operational

conditions, created by the application of RTC in the sewer network.  Pfister and Cassar (1999) described a research

project that focuses on minimizing total emissions from sewer systems using RTC.  The main goals of the study

cover the o ptimum use  of storage ca pacities, the be st performa nce of the trea tment plant, o r by the dynam ic

management of the combined sewer system.  The benefit of RTC increases if forecasted information of rainfall and

runoff was take n into acco unt. 

Rainfa ll modeling .  Luk et al. (1999) described a rainfall forecasting model that integrates an artificial neural
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network (ANN) with a GIS.  The ANN was trained to recognize historical rainfall patterns recorded from a number

of gauge of the study catchment and to make point forecasts of rainfall. The GIS was used to spatially distribute the

point rainfall fore casts prod uced by the  ANN .  Mikkelsen  et al. (1999 ) used regio nal mode ling of a range o f rainfall

variable statistics to assess the performance of different historical rain time series.  Sufficiently long rain series were 

rarely availab le from the ex act catchme nt in question a nd for this reaso n simulations w ere  often ba sed on ava ilable

rain series from  other locatio ns. 

Willems (1999) reported on data collected from a dense network of rain-gauges in Antwerp, Belgium to study the

stochastic structure of spatial rainfall at the small spatial scale of small hydrographic or urban catchments.  The

derived spatial rainfall model contains two structures: a deterministic structure for the physical description of

individual rain cells and cell clusters, and a stochastic structure for the description of the intrinsic randomness in the

sequence  of different rain e vents.  Durra ns et al. (199 9) comp ared a num ber of app roaches to  the proble m of how to

disaggregate rainfall time series using polynomial approximating functions.  Results of these evaluations indicate that

a disaggregation method presented by Ormsbee was a relatively good performer when storm durations were short (2

h), and that a q uadratic sp line-based a pproac h was a goo d choice fo r longer-dur ation storms. 

Useful variables for defining the state and evolution of a rain system include rainfall rate, vertically integrated

rainwater content and advection velocity. The forecast model proposed in this work complements recent dynamical

formulations by focusing on a formulation incorporating these variables using volumetric radar data to define the

model state variables, determining the rainfall source term directly from multi-scan radar data, explicitly accounting

for orographic enhancement, and explicitly incorporating the dynamical model components in an advection-diffusion

scheme. An evaluation of this model was presented for four rain events collected in the south of France and in the

northeast of Italy (Dolcine et al., 1999).  A procedure to generate rainfall input for the EUROpean Soil Erosion

Model was presented. To develop such a pro cedure, first of all the influence of rainfall event amount, rainfall event

duration, and time to peak intensity of event rainfall on soil losses, calculated with EUROSEM, has been tested for

several rainfall statio ns.  It seems po ssible to pro duce site spe cific appro priate rainfall inp ut for EUR OSEM , only

with the knowledge of distributions for the investigated basic rainfall parameters; however, to improve the procedure
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and make  it practically useful, it will be  necessary to a ccount for se asonal cha nges of distrib utions of basic  rainfall

event para meters (Stra uss et al., 1999 ). Gyasi-Agye i and W illgoose (19 99) prese nted a gene ralized hybr id mode l to

generate p oint rainfall for a wid e range of ag gregation lev els.  The rain fall process w as expresse d as a pro duct of a

binary chain model which preserves the dry and wet sequences as well as the mean, and a correlated jitter, a second-

order autoregressive Gaussian process, used to improve the deficiencies in the second-order properties of the binary

chain.  Two possible binary chain models were  analysed, a non-randomized Bartlett-Lewis model and a Markov

chain.

 

Optimiz ation mo dels.  Behera et al. (1999) present an optimization methodology for determining the design

parameters (storage volume, release rate, and pond depth) of a single stormwater management pond.  The

methodo logy was exten ded, using a  dynamic-p rogramm ing proced ure, to para llel catchmen ts (each with a sing le

detention p ond). T he least-cost va lues of pond  design variab les were subj ected to system  performa nce constra ints, in

the form of sp ecified levels o f runoff and p ollution con trol at the outfall to a  receiving wa ter.  Ndiritu an d Daniell

(1999a and1999 b) assessed the application of varying levels of optimization on model simulation performance and

parameter identification using a genetic algorithm (GA) and a 10-parameter version of the MODHYDROLOG

rainfall-runoff model.  Four levels of optimization were obtained through the use of two GA formulations, the

traditional and an improved GA, and by varying the optimization parameters with each formulation.  It was proposed

that the systematic verification of the adequacy of optimization should be an integral part of model calibration

exercises.    

Thomas et al. (1999) described the hydraulic verification of optimal control models that have been developed for

large interceptor sewer systems. Both linear- and dynamic-programming models were tested using idealized

interceptor sewers.  The models include a simple hydraulic verification routine in which a quasi-steady approach was

used to estimate interceptor sewer water profiles at each time step in the solution.  Veltri and Pecora (1999) applied

genetic techniques using data measured from an urban catchment to calibrate parameters from two well-known

commercial modeling tools.  These genetic techniques can be successfully applied to emulate a modelling

environment and subsequently to calibrate indirectly the same model.  Blanpain et al. (1999) described how
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stochastic sea rch algorithm s to be used  to more fully ex plain the flows in a  sewer netwo rk with incom plete

information  on its physical ch aracteristics. T he comp arison, base d on hydra ulic simulations, sh owed that the ir

method allows reduced flow and water depth deviations by at least 50  %.  Choi and Ball (1999) presented a decision

support syste m for estimating  optimum  values of mo del contro l paramete rs.  SWM M was us ed to simulate  the runoff

response of an urban catchment, while ARC/INFO and an optimization algorithm were employed to enhance spatial

data hand ling and to o ptimise mo del contro l paramete rs.  

Heaney et al. (1999b) described a new method for optimizing the design of urban storm-sewer systems.  The vertical

alignment design problem was defined by a set of discrete pipe diameters and costs, excavation costs as a function of

soil type, and a pre-defined horizontal arrangement of pipes and manholes for a gravity sewer. Genetic algorithms

were  used in place of classical techniques to arrive at the least-cost solution for a specified design storm. An

example was presented to illustrate the technique.  Use of mathematical models requires the estimation of model

parameters. Parameter optimization was preferred to the trial and error visual comparison of observed and modelled

output response, due to subjectivity and time-consuming nature of the latter approach. Dayaratne and Perera (1999)

described an optimization procedure to estimate the model parameters of the urban stormwater drainage model called

ILSAX.  The problem o f optimal water distribution to a range of retention reservoirs in an urban sewer network

during rainfall ev ents was ove rflows and its imp act on rece iving waters. 

Stocha stic mode ls.  Lei et al. (1999) presented a new Stepwise Hypothesis Test Model Calibration (SHYTMC)

procedure that includes explicit recognition of modeling uncertainty and system identifiability.  Central in the

SHYTMC procedure was the estimate of upper and lower bounds of the modeled output time series.  A comparison

with the result from 1,000 Mo nte-Carlo simulations suggests that the worst scenario approach was sufficient in the

context of the SHYTMC  procedure. Rauch et al. (1999b) outlined the background of engineering analysis and

applied the  methodo logy to a pro babilistic desig n problem  concernin g CSO  reduction.  T he geome trical data used  in

stormwater models were hardly ever 100 percent correct and the process data like hydraulic roughness, overflow

coefficients etc. w ere based  upon acc epted ave rage values.  
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Clemens a nd von d er Heide  (1999)  used M onte-Carlo  simulation to e valuate the stoc hastic nature o f this uncertain

input data.  The uncertainty or reliability of results produced by rainfall-runoff models was a function of uncertainties

in model p arameters, inp ut data, and m odel structur e.  Hoybye  and Ros bjerg (19 99) prese nted a stoch astic

instantaneous unit hydrograph model describing the catchment as a single linear reservoir with input and transfer

functions treated as random processes. Errors in runoff predictions caused by errors in input data and model

parameters were analyzed by solving the governing stochastic differential equation (SDE) analytically, thus

quantifying - in a general way - the error propagation structure and the relative importance of input errors and

paramete r errors. Da ta from 34  rainstorms we re selected to  verify the analytical S DE ap proach.  M onte-Carlo

simulation, an approach developed for incorporating the uncertainty of parameters for estimating runoff in the design

of polder systems in ungaged watersheds, was used to derive a set of realizations of streamflow hydrographs for a

given design rainstorm using the U.S. Soil Conservation Service (SCS) unit hydrograph model (Yulianti and Lence,

1999) .  

Rainfa ll-runoff q uantity m odels.  Ando et al. (1999) described how the effects of urbanization on the hydrological

water cycle we re estimated  by using a simula tion mode l to quantify the co nstituent elemen ts of the hydrolo gical-

water cycle.   A questionnaire survey was conducted among residents of the river basin to identify the problems that

the residents w ish to have reso lved throug h the restoratio n of the hydro logical-water c ycle in the Azu ma River a nd to

set target values fo r the desired  improvem ents. Beck er et al. (199 9b) prese nted a few ex amples wh ere detailed  field

studies described the essential elements of runoff generation and thus help to achieve a more realistic representation

of the under lying mechan isms within pro cess-oriented  rainfall-runoff mo dels.  

Hromadka and Whitley (1999) developed a mathematical formalization of link-node hydrologic models using HEC-

1.  By subdividing a watershed into numerous subareas, and connecting the subareas by a network of links, a link-

node model representation of the watershed was constructed.  King et al. (1999) compared two methods of

simulating excess rainfall on a large basin with multiple rain gages. The SCS daily curve number method (CN) was

compared with the Green-Ampt, Mein-Larson (GAM L) method on the Goodwin Creek W atershed.  Li and

Joksimo vic (1999 ) presented  a method ology to de fine the averag e condition s for urban d rainage system  modelling. 
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The drainage system performance should be first analyzed in a cursory manner to identify the average conditions and

the "typical rainfall year". A detailed analysis of the drainage system performance should then be conducted for the

“average rainfall year” and the “typical rainfall year.” If the discrepancy in performance was large, the “typical

rainfall year” should be used in the analysis of average conditions of urban drainage systems.  Loke et al. (1999b)

compared Artificial Neural Networks (ANN) and Grey-Box Models (GBM ), implementing them in three practical

urban storm drainage case studies.  The advantages of ANN included good generalization, high fault tolerance, high

execution sp eed, and th e ability to adap t automatically w ithout human  intervention.  H owever, A NN relie d strongly

on the availability of data examples, and they were not transparent and obstruct any direct analysis and interpretation

of their performance. On this basis the GBM  was superior, as it enables the user to get a better insight into the

involved un certainties. 

Milina et al. (1999b) showed that, for Norwegian cities, large flood events have only been affected to a minor degree

by urban develop ment whereas short-term even ts occurring after dry-weather conditions sho w a significant increase

in runoff.  The effects of urbanization on runoff have been studied where many catchments have yielded maximum

flow from autumn and winter frontal rains, often concurrent with snowmelt or rain on frozen ground.  Morita and

Yen (1999) presented further developments of the conjunctive urban runoff model and focus on the interaction

between surface and subsurface flow components. This interaction was directly related to the estimation of effective

rainfall or initial loss of hyetographs.  The mod el reproduced the  initiation of overland flow and initial loss process

and enab les the estimation  of the effective rain fall reasonab ly and theore tically.

Nania et al. (1 999) de signed and  conducte d experim ents on flow p atterns at street cro ssings and inter sections.  A

one-dime nsional form ulation was p roposed  in order to p redict the divid ing flow in street cro ssings. Rigby et a l.

(1999) developed a sophisticated event based urban hydrology model from very simple beginnings.  It highlighted

the capabilities of earlier models and how they have increased in complexity and functionality over the last two

decade s. Shen et al. (19 99) pro posed the  fuzzy neural ne twork mo del called " FUZZ Y ST ORM NET " to estimate

volumetric flow from rainfall intensity. This model for flow estimation could be calibrated automatically by use of

known storm events, and no knowledge on the field and the sewer system was needed. Stephens and Kuczera (1999)
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tested the widely used time-area method at the parcel scale. The time of concentration for impervious areas at the

allotment sca le was found  to be of the o rder of 2 m in and not the  5 min as assum ed in Austra lian practice. T his result

has implicatio ns for the desig n of sub-catch ment scale p ipes, storage  basins and o utflow contro l devices.  

Terayama et al.(1999) developed a stormwater runoff model based on the modified Road Research Lab oratory

method, to  express the e ffects of on-site stora ge conside ring tempo rary storage o f the effective rainfall an d its

disposal.  An examp le application of this model in a local city, which has introdu ced the on-site storage facilities,

was also pre sented.  A no nlinear rainfall-run off model w as develop ed and ap plied to floo d runoff ana lysis in Japan. 

Sugiyama et al. (1999) extended the model’s applicability by developing practical equations for estimating model

parameters that were appropriate on a regional basis.  The utility of the estimating equations was tested by computing

runoff hydrographs for lumped basins. Vaes and Berlamont (1999a) showed that a well-calibrated reservoir model

can predict CSO emissions as well as a detailed hydrodynamic model, taking into account the uncertainties in the

input data.  Such simplified models were ideal tools to perform quickly various scenario analyses.  Physically based

conceptual models give an optimal balance between model uncertainty and uncertainty in the input data.

Wong and K ho (1999) studied the increase of flood peaks due to urbanization.  Four urbanization scenarios were

simulated and subjected to the Singapore 2-year rainfall.  The degree of urbanization was expressed in terms of the

percentage of developed area and the percentage of channelized area. Their results showed that the patterns of the

flood pea k increase for  the downstre am to upstre am and the  inside to outsid e urbaniza tion sequen ces were co ncave. 

Wong and Li (1999 ) reported on a conceptual study of the hydrological effects of urbanization.  By considering

urbanization on an overland plane as a process whereby a relatively rough, permeable surface was gradually replaced

by a relatively smooth, less permeable surface, the effect of urbanization sequence on the flood peak was

theoretically asse ssed by the kin ematic wav e method . 

Yen et al. (1 999) pr esented de tails of the runoff m odel ILU CAT .  The mo del allowed  tempora lly variable rainfall in

incremental times as input to each catchment, and deducts abstractions to yield the rainfall excess to be routed

through the urban catchment. Each catchment was divided into five types of areas, namely, direct impervious, direct

pervious, supplemental impervious, supplemental pervious, and noncontributing areas. The rain excess was routed
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through two  flow paths of the  first four contribu ting areas using th e time-area m ethod to p roduce the  runoff

hydrograph.  Cagiao et al. (1999) presented two different methodologies for a study of the runoff generated in an

urban watershed with a separate sewer system during stormwater events. The first approach used a process simulator

(SWM M), and  a non-linear p arameter e stimation too l (PEST ), while the seco nd used ar tificial neural netwo rks. A

pilot project of a subcatchment in the city of Santiago de Compostela was studied.  Campolo et al. (1999) used

neural networks to forecast flow rates in the Arno River downstream of the city of Florence, Italy during low-flow

conditions . The mo del used b asin-average d rainfall mea surements, wa ter level, and hyd ropowe r produc tion data. 

Model predictions were found to be accurate with root-mean-square error on the predicted river flow rate, less then 8 

% over the entire time horizon of prediction. Chang and Hwang (1999) used the group method of data handling

(GMDH) algorithm to evaluate complex rainfall-runoff processes in a heterogeneous watershed in Taiwan. Two

versions of the revised GMDH model were implemented: a stepwise regression procedure and a recursive formula.

The prediction results of the revised GMDH models and the instantaneous unit hydrograph (IUH) model were

compa red.  Mu ch better pe rformance  was obtaine d with the revise d GM DH m odels. 

Dinicola (1999) presented recent efforts to develop regionalized HSPF parameters for King and Snohomish Counties

in Washington that were useful for urbanizing watersheds. Djordjevic et al. (1999) described a model for dual

drainage - an approach to rainfall runoff simulation in which the numerical model takes into account not only the

flow through the sewer system, but also the flow on the surface.  The numerical model simultaneously handled the

full dynamic equations of flow through the sewer system and simplified equations of the surface flow. The surface

excess water (due to the limited capacity of inlets or to the hydraulic head in the sewer system reaching the ground

level) was routed to the neighbor subcatchment (not necessarily the one attached to the downstream network node),

using surface retentions, if any. Edijatno-Nascimento et al. (1999) described a new empirical watershed model that

involves only three free parameters. In spite of its crude simplicity, it achieved, on average, worthwhile results on a

set of 140 French catchments and overwhelmingly outperformed a linear model involving 16 parameters. It

performed roughly as well as a conceptual model with five free parameters, derived from the well-known

TOP MOD EL. 
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Escaram eia and Sw affield (199 9) summa rized the resu lts of research o n monitorin g and mo deling storm water runoff

from roofs in the UK. This paper presented important new data for the design of rainwater systems and concludes

that numerica l simulations of un steady flows we re a useful too l for comp lementing the d esign recom mendatio ns in

current design guides.  Four simple conceptual daily rainfall-runoff models were applied to a 25-basin data set in the

UK, covering a range of sizes, topographies, soils and climates (Houghton-Carr, 1999). Model performance was

judged by a range of quantitative and qualitative measures of fit, applied to both the calibration and validation

periods. These included efficiency, mean annual runoff, baseflow index, the synthetic monthly and daily flow

regimes, and  the flow dura tion curve. W ith increases in co mputing po wer of recen t years, fully two dime nsional,

unsteady hydraulic modelling was becoming increasingly common for applications involving large, complex

floodplain s.  Bishop e t al. (1999)  described  the results of a rec ent study of a high ly urbanized  area along  the Gold

Coast, Queensland, Australia.  With the increasing focus on ecologically sustainable development, and concerns

regarding class actions by flood affected communities, many agencies in Australia were requiring that new proposed

urban development have zero impact. With regard to flooding impacts, this requirement has resulted in the need for

assessment of effects, in terms of water level changes, down to 1 cm or less accuracy.  Details were  provided on the

requirements of and approach to full two dimensional flow modelling including the required grid definition and size,

structure modelling, fine scale nesting and model stability and accuracy (Collins et al., 1999).  A distributed, field-

based rainfall-runoff model was developed for the 1400-km2 arid catchm ent of Nah al Zin, Israel.  N o calibratio n with

measured  flow data wa s performe d; the mod el used rainfall ra dar input ap plied ove r a catchme nt that was spatially

disaggrega ted into differen t terrain types acc ording to hyd rologically rele vant surface c haracteristics.  In g eneral, this

study showedthat field-based data on generation and losses of runoff may be incorporated into a distributed

hydrologic  model to o vercome  calibration w ith the poor d ata record s of arid high-m agnitude ev ents (Lange  et al.,

1999a  and 199 9b). 

Zug et al. (19 99a) de scribed m odeling effo rts to addre ss both flood  control and  pollution pr evention at G entilly,

France. A mathematical model was satisfactorily calibrated and validated and was now being used to simulate the

operation of the catchment area and its associated sewerage system.
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Rainfa ll-runoff q uality mo dels.  Arnbjerg -Nielsen et al. (1 999) co mpared  trends in annu al loads of p ollutants to

receiving waters in Denmark during the past decade.  For N and COD, models were suggested that explain some of

the variation b etween and  during even ts.  Howeve r, a large residu al variation wa s identified and  possible re finements

of the mod el were discu ssed.  Ball (1 999) pr esented a ne w appro ach for simula tion of the transp ort of the solub le

contamina nt in urban stor mwater run off. This mo deling system w as based o n a decou pled solutio n of the kinem atic

wave equations for simulation of the surface f1ows and an advection-diffusion model for simulation of the

contaminant motion.  Use of deicing chemicals and abrasives to provide traffic safety during winter caused water

quality prob lems for urb an receiving  waters (Ba rtosova an d Novo tny, 1999) . Their mo del was calib rated using d ata

from the Lincoln Creek watershed (Milwaukee, Wisconsin), and verified on 30th Avenue watershed (Edmonton,

Alberta). T he results of simu lation for chlo rides, suspen ded solid s, and lead w ere presen ted. 

Carr et al. (1999a and 1999b) discussed the benefits of a time series approach which provided the information

necessary for design of water quality control structures and for assessment of ecological sustainability.  An advantage

of the time series  approa ch was that it pro vides an integ rated evalu ation of perfo rmance d uring a variety o f wet-

weather conditions.  Chiew and McMahon (1999 ) presented a simple approach for estimating long-term runoff and

diffuse pollutio n loads in urb an catchm ents, and disc ussed con ceptual mo deling metho ds for simulating  daily runoff

and pollution loads. The modeling results for several catchments in Australian capital cities were presented. The

study indicated that long-term and da ily runoff can be estimated reasonab ly accurately using simple approac hes.

Howev er, the water q uality character istic can vary co nsiderably b etween catc hments.  

Commonly measured fecal bacteria concentrations in water and rainfall data were utilized as inputs for training a

neural network model to distinguish between urban and agricultural fecal contamination present in inputs to a

drinking water reservoir (Brion and Lingireddy, 1999).  A neural network model was written that used bacterial and

weather data to differentiate between three site classifications: urban, agricultural and a mixture. The validity of the

source identification, neural network model was verified through a case study.  Roadside gully pots form a common

and important part of many surface water drainage networks (Butler and Memon, 1999). Their primary function was

to retain larger  solids from ro ad runoff in o rder to minim ize the prob lems associa ted with sedim ent depo sition in
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downstrea m drainag e structures and  receiving wa ters. A dynam ic water qua lity model has b een deve loped to

simulate these p rocesses. M oulton et al. (1 999) de scribed N PDE S monitor ing for New  Orleans, Lo uisiana.  This

paper asked the question, "How reliable were load estimates that were extrapolated from landuse based monitoring

of small subcatchments?"  The age of the developed areas was found to be responsible for differences in monitored

nutrient loading from modeled runoff loads based on land use.

Collectio n systems m odels-qu antity.  Aronica (1999) presented a simple numerical model based on the method of

continuity for flood routing in urban networks. The network was represented as a cascade of cells and the flood

routing was schematized as a flux transfer between adjacent cells.  Preliminary tests were carried out by means of the

reprodu ction of flood  wave pro pagation fo r some exa mples of urb an drainag e systems, bo th hypothetica l and real.

The results showed satisfactory numerical stability and an excellent computational efficiency.  Barnett and

MacMurray (199 9) stressed the importance of correctly modeling overland secondary flow paths.  At drainage

network nodes such a s street intersections, the distribution of outflow depends o n nodal comp atibility conditions,

particularly when one or more of the outflow paths was steep, and large errors accumulated from the application of

incorrect co nditions at a suc cession of no des.  

Ideta and Kariya (1999) used hydraulic simulation to maximize inline storage and reduce flooding.  Kleckley (1999)

described  estimating sanitar y sewer system su rcharging d uring wet wea ther using mea sured rainfall an d flow.  A

rainfall-peak flow relationship was developed and used to analyze capacity improvements and the impact of

rehabilitation on peak rates.  This method should not be used exclusively as it does not assess the impact of

rehabilitation on high groundwater infiltration.  Lorenz and Weikopf (1999) presented a form of combined sewerage

network sto rage mana gement ca lled the casca de techniq ue. This tech nique utilized  fully adjustable w eirs to

dynamically control the flow in the sewerage system .  The cascade tech nique can be seen as an  approach to d ecrease

both the water pollution and the investment and operation costs caused by combined sewerage systems.  Maitland et

al. (1999 ) presented  new features o f XP-SW MM 32, a mo del for com plex ope n and close d condu it drainage system s. 

The application of these new and existing features of the XP-SWMM32 package to real-world drainage problems

was outlined through the presen tation of several case studies of representative d rainage systems in the United States,
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Japan, an d Australia.  

Matheussen and Thorolfsson (1999) presented research on the simulation errors due to insufficient temporal

resolution in urban snowmelt models.  Storm-sewer overflow was calculated from an artificial overflow for all time

resolution.  Based on this research, the authors propose that snowmelt-produced runoff in urban areas should be

measured and modeled with no more than a 1-hour time resolution.  Merlein and Valentin (1999) investigated design

features of sewer systems to increase the capacity of sewerage systems under pressurized flow.  A mathematical

model was used to compare the results of the hydraulic model under steady conditions with unsteady conditions as

they were du ring a cloud burst.  

Morrow (1999 ) outlined the hydraulic modeling requirements of a program to meet a new, demanding discharge

consent standard (average of 3 spills per bathing season per outfall) at specific coastal discharge points.  A program

costing over $105M had to be designed, approved by the regulator, procured, built, and commissioned in a period of

15 months.  Continuous simulation was the only valid way of confidently establishing the additional storage volumes

required to meet the new consents.  Vazquez et al. (1999b) proposed a new set of parameters for the Muskingum

model for routing in a circular main in a sewer network for a wide range of lengths, slopes and diameters. A neural

network was used to design the parameters of this model.  This new application of Muskingum equations enables

mean relative errors of less than 6  % to be obtained for the value and the point in time of the flood in the case of

mains up to  6500 m  long, with slope s varying from  0.5  % to  1  % and  with diameter s ranging from  150 to 2 000 mm . 

Watanabe et al. (1999b) proposed  a practical lumping method for manholes under surcharged flow, in which all the

water surface areas of ignored manholes were preserved in the water surface areas of the adjacent manholes.  The

lumping method was applied to a combined sewer pipe system in Matsuyama City drainage basin in Japan and the

adaptability of the method was investigated through stormwater runoff simulations.  Wong et al. (1999a) discussed

the City of San  Diego’s (C alifornia) pro gram for m onitoring an d mode ling of its wastewate r facilities.  This

sustainability concept had implications in terms of the databases, modeling tools, and applications of the model. Two

key elements that were highlighted were the value  of developing a custom  GIS application to integrate a nd process
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data that was d eveloped  and upd ated by othe r City and Co unty agencies, a nd applic ations of the m odel for b oth

planning and operational studies that resulted  in reduced capital and operating costs. During urban storms, the

overloading of a sewer system or river bank overflow produced flows which were essentially routed by the road

infrastructure an d cause floo ding of adj acent built-up  areas (Hin gray et al., 199 9). 

The eva luation of the d amage suffer ed by these b uilt-up areas req uired the de termination o f important hyd raulic

parameters of the inundation, such as the maximum water depth or the inundation duration. This paper described the

hydraulic behavior of flooded built-up areas at different scales: individual plot, block of plots. Online sewer flow

forecasting was simulated in this study using an autoregressive transfer function rainfall-runoff model and a recursive

procedure for parameter estimation (Gelfan et al., 1999). Three recursive estimation algorithms were used: the

time-invariant and time-varying versions of the recursive least-squares algorithm, and the Kalman filter interpretation

of this algorithm. The sensitivity of the forecasting accuracy to the model order and to the initial conditions of the

algorithm was studied using sewer flow data from the Milwaukee (Wisconsin) Metropolitan Sewerage District.  In

the UK, current river quality monitoring programs provide little information for management of CSO discharges, or

objective assessment of their pollution impact. Balmforth et al. (1999a) described   a methodology that uses existing

river flow data , which was ava ilable at sub-ca tchment leve l in the UK, to  identify intermittent d ischarges by a

develop ment of the un it hydrograp h method , based on  the hypothes is that intermittent disc harges pro duce unit

hydrograp hs that lie outside  the 'normal' corre lation betwee n effective rainfall an d surface run off for a catchm ent.

The EPA and the Miami-Dade (Maimi, Florida) Waster and Sewer Department negotiated a Consent Decree

settlement, which required them to undertake the installation and maintenance of a computerized collection and

transmission system model. The "Virtual Dynamic Computer Model” has the ability to predict potential SSO

resulting from peak flow conditions (Walch et al., 1999).  The Metropolitan St. Louis Sewer District has

responsibility for the management of stormwater drainage as well as conveyance and treatment of sanitary sewage

within its boundaries.  The Watershed M aster Plan’s hydrologic and hydraulic analyses were conducted using the

SWM M (M iller and Lou cks, 1999 ).  Hsieh and  Wang  (1999)  introduced  a semi-distribu ted parallel su rface rainfall-

runoff conc eptual mo del. To e valuate the ad aptability of this mo del, three wate rsheds aro und the city of T aipei in
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Taiwan w ere chose n to test the effective ness of the mo del.

Collectio n system m odels-qu ality.  Hvitved-Jacobsen et al. (1999) presented a conceptual model for wastewater

quality change s during transp ort in sewer system s.  Empha sis was on mic robial transfo rmations of h eterotrop hic

biomass and soluble and particulate fractions of organic substrate; the inclusion of sulfate respiration in the model

concept was outlined. The model was exemplified as a tool for evaluation of wastewater quality changes in an

intercepting g ravity sewer.  T he mode l concept w as tested in grav ity sewers as well as in  pressure m ains.  

Schlutter (1999) pre sented a numerical mo del capable of simulating sedim ent transport in combined  sewer systems.

The main objectives were to model mass transport rates at the outlet from a catchment and at the same time obtaining

qualitative inform ation on ero sion and d eposition go ing on at differe nt locations in the  sewer system.  A n example

was given of a calibration event from a case study. Watanabe et al. (1999a) described a distributed simulation model

of water qua lity and stormw ater runoff, whic h can simulate  both ope n-channel an d surcharg ed flows and  at a

tempora l and spatial va riation of runo ff-water quality in the p ipe systems. T he prop osed mo del consists o f two well-

known models: one was PWRI (the Public Works Research Institute, the Ministry of Construction, Japan) Model for

water quality sim ulations; the othe r was the SLO T Mo del for storm water runoff sim ulations.  

Yagi and Shiba (1999) used fuzzy logic control and genetic algorithms to achieve improved pump operations in a

combined sewer pumping station.  Current pump operations could be improved by adding sewer water quality to the

input variables and to the fitness function; the improved operations can reduce not only floods in the drainage area

but also pollutant loads discharged to the receiving waters.  Zug et al. (1999b and 1999c) presented a conceptual

model for solid production and transfer in combined or separate sewerage systems called HORUS. The objective of

this model was to reproduce the hydrographs, taking into account the characteristics of the catchment and the

structure of the sewerage system.

Simultaneo us measure ments of rainfa ll, hydraulic, TS S and CO D conc entrations on  nine very differe nt catchmen ts

and abo ut one hund red rainfall eve nts allowed a  large range o f validation wh ich can be c onsidered  of good q uality. 
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Zug et al. (1999d) presented the results of a study whose objectives were the definition of the exceptional rain event

compared to the capacity of the sewerage system and the development of recommendations for the design and

operation of the sewerage system to efficiently manage most rainfall events.  The measurements allowed the

calibration and validation of a model (HYDROWO RKS), which included hydraulics and masses of total suspended

solids.  Artina et al. (1999a) showed the results obtained from the ongoing investigation in an experimental

catchment in Bologna (Italy), monitored in order to acquire data on the pollutant loads entering the sewer network

and then spilled to the receiving stream by some CSO.  These data were  being used to calibrate a detailed model for

both the sew er system and  the river reach . 

Mo dels of con trols.  Hrabak  et al. (1999 ) use three-dim ensional co mputationa l fluid-dynamic (C FD) mo dels to

simulate various complex sewer and CSO components including mixing tanks, sedimentation basins, clarifiers and

contact tanks.  The modeling was used in lieu of physical modeling to support design. Vaes et al. (1999) described a

concep tual mode l of storage sed imentation b asins based  on uniform  flow, but taking into  account an omalies du e to

non-uniform flow and turbulence.  These anomalies were based on experiments in a physical model and simulations

using CFD. This model can deal with time varying input and can be used for continuous simulations. Ta (1999)

simulated the flow characteristics in a storm tank using CF D.  The efficiency of the storm tank ac ting as a

sedimentation basin to retain the suspended particle was evaluated using a dispersed phase model. A range of

particle sizes was included to evaluate the sediment profile at the end of the storm event and the carry-over of

suspended particles during the spill. Tyack and Fenner (1999) described a CFD model of a 1600 mm diameter

prototype  hydrodyna mic separa tor. The re sult showed th at the high vertica l velocities within the  device pe rmit only

particles with a high settling velocity to be removed, with the fine suspended solids (mostly organic) being passed

forward for treatment in the WWTP.

Munoz-Carpena et al. (1999) developed and  field-tested a single event model for simulating the hydrology and

sediment filtration in buffer strips.  The model was developed by linking three submodels to describ the principal

mechanism s found in natu ral buffers.  A set o f 27 natural ru noff events wa s used to test the h ydrology co mpone nt,
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and a subset of nine events for the sediment component. Ponce and Klabunde (1999) tested the feasibility of

temporarily holding stormwater in parking lots by using a diffusion wave model of catchment dynamics.  Four

extreme storm types were applied to four typical parking lot sizes to assess the sensitivity of the resulting storm

hydrograph to the choice of design slope.  Results show the promise of parking lot storage in urban stormwater

managem ent.  Ristenpa rt (1999 ) presented  detailed infor mation ab out a new sto rmwater m anageme nt concep t. 

Dimensioning and proof of performance of the different drainage structures was carried out with the help of an

innovative ra infall-runoff mod el that was also b riefly describe d.  

Zheng and Baetz (1999) investigated a range of suburban development alternatives from an urban hydrology

perspective.  An analysis of design scenarios was conducted for a representative urban fringe development

application, with the aid of a stormwater runoff simulation model (QUALHYMO) and geographical information

systems software.  In developing countries like India, the use of stormwater models for modeling and sizing

detention basins has yet to acquire widespread application as a standard practice. Currently, design was carried out

using the rational method, which was grossly inadequate, particularly as an abundance of sophisticated software was

available. G upta et al. (19 99c) de scribed the  application  of Australian so ftware, ILSA X, for mo deling the on site

detention basins for the Central Hospital catchment of Jaipur City, India.

Urban stormwater quality can be protected by maximizing the infiltration of frequent micro storms that account for

the majority of the precipitation in urban areas. A proposed criterion was that the pre-development initial abstraction

of precipita tion should n ot be dec reased by d evelopm ent.  Heane y et al. (1999 c) used a linea r program ming mod el,

which in turn uses information from the GIS as input data, to find the mix of functional land use types that minimizes

the cost of reta ining the initial abstra ction at its pre-d evelopm ent level.  To  assist local gov ernments in the ir efforts to

develop more effective stormwater management programs, Prince George’s County, Maryland Department of

Environmental Resources in cooperation with the EPA developed a guidance manual for an innovative alternative

comprehensive approach to stormwater management referred to as LID (Coffman et al., 1999).

The site planning and design phase of land development projects presented the best opportunities for, and was
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critical to, reducing the impacts of development on the quality of the nation’s waters.  Recognizing the need for

guidance in site planning and design, the San Francisco Bay (California) Area Stormwater Management Agencies

Association (BASMAA ) published the document "Start at the Source - Residential Site Planning and Design

Guidance Manual for Stormwater Quality Protection" and a second edition in 1999 that also included guidance for

industrial and commercial development. The manual communicated basic stormwater management concepts and

illustrates simple, p ractical techniq ues to prese rve the natura l hydrologic  cycle (Richm an and B icknell, 199 9). 

Munoz-Carpena et al. (1999) found that the performance of vegetative filter strips was governed by complex

mechanisms.  They de veloped  a model b y linking three sub models to  describ the p rincipal mec hanisms foun d in

natural buffers: a Petrov-Galerkin finite element kinematic wave overland flow submodel, a modified Green-Ampt

infiltration subm odel, and  the Univers ity of Kentuck y sediment filtration  model. A  set of 27 natu ral runoff even ts

(having rainfall amounts ranging from 0.003 to 0.03 m) from a North Carolina Piedmont site were used to test the

hydrology component, and a subset of nine events were used to test the sediment trapping component. Good

predictions were ob tained with the model if shallow uniform shee t flow (no channelization) occurre d within the grass

filter.

Receiv ing wa ter mod els.  Kellershohn and Tsanis (1999) used the WASP to create a three-dimensional

eutrophication model for Hamilton Harbor, Ontario, Canada.  Four remedial options, namely improvements to the

WW TP, the C SO, indus trial discharge s, and remo val of W WT P, CSO , and industria l discharges w ere examin ed. 

Improve ments in the har bor's water qu ality were found  to range from  minor in the ca se of CSO  improvem ents to

significant in the case  of WW TP imp rovemen ts.  Lung and S obeck (1 999) de monstrated  that mode ling continues to

be the most cost-effective method of water quality planning and that water resource managers should apply water

quality modeling on a regular basis to support the present and future needs of the watershed.  They indicated that

there was a need for increased use of water quality models to review the assimilative capacity of the receiving water

for regulatory control and water quality management.  Petruck et al. (1999) described the water quality simulation

model FGSM, developed by the German Association for Water Pollution Control (ATV) to simulate major water

quality parameters of a small urban stream.  The FGSM  appeared to be a valuable tool for assessing not only the
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chronic, bu t also the acute e ffects of comb ined sewag e overflow e vents. 

Walker and Stedinger (1999) described the movem ent and fate of pathogens from wastewater and dairy sources and

the resulting raw water quality for New York City, New York. Manure and Cryptosporidium oocysts were modeled

as surface po llutants and assu med to m ove in resp onse to runo ff events in the six wate rshed-reser voir systems within

the Catskill-Delaware watershed.  This research highlights the importance of wastewater-derived oocysts, the need

for expand ed researc h into oocyst fa te in streams and  reservoirs, an d the conc entration of o ocysts in sewag e effluent. 

Fitzpatrick et al. (1999) presented an overview of the development and application of a time-variable nutrient based

emergent macrophyte model to a southern Florida Everglades wetlands system. The model formulation included the

effects of nutrient co ncentrations  on sawgras s and cattail pla nt growth, nutrie nt uptake, and  nutrient com position. 

Three-dimensional simulations of estuarine circulation in the New York Harbor complex, Long Island Sound, and

the New York Bight were conducted using the Estuarine, Coastal, and Ocean Model (ECO M) within the framework

of a single grid system (Blumberg et al. 1999). The model forcing functions consist of (1) meteorological data; (2)

water level elevation and temperature and salinity fields along the open boundary; and (3) freshwater inflows from

30 rivers, 1 10 wastew ater treatmen t plants, and 2 68 poin t sources from  CSO an d surface run off.  

Hsu et al. (1999) described a flood and inundation forecasting model to be used for flood damage mitigation.  The

simulated results from the river flood model and the cell inundation model were used to calculate the flow exchanges

between the river and inundation area.  The results were accurate enough to be used to simulate the water stage in the

river and map out the inundation area for the various design rainfalls.  Huberlant et al. (1999) described the Urban

Pollution M anageme nt Proced ure that was d eveloped  to addres s the proble m of prote cting rivers from  urban stress in

a holistic and cost effective way. The procedure allowed river systems to be modelled, with input from sewer

overflows and sewage treatment works discharges, to enable assessment of minimum cost solutions. With the support

of the European Commission, five pilot studies were carried out in different countries to test and demonstrate the

effectiveness o f this approa ch.  
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A new concept, transport detention time, was proposed in this paper to describe solute-transport processes. Using

this concept, a new mathematical model was developed to describe BOD5 removal in constructed wetlands.  By

treating a constructed wetland as a series of continuous stir tank reactors, an nth-order ordinary differential equation

was derived based on the principle of mass balance and convective-dispersive equation and by introducing transfer

functions and Laplace transform (Chen et al., 1999b).  The responses of ADA PT, a daily water table management

simulation model, to variations in the principal input parameters which define hydrologic response units on a

watershed were evaluated (Gowda et al., 1999b).

Geographic-Information Systems (GIS)

The integration of GIS and watershed modeling was moving hydrologic and hydraulic analysis to a new dimension

(Preusch  and Rez akhani, 19 99). BA SINS--B etter Assessm ent Science  Integrating P oint and N on-point S ources, a

GIS-based tool developed and released by the EPA, provided a convenient interactive framework for watershed

management  (Parandekar  and Ranji than,  1999) . Walker e t a l.  (1999)  reported the integration of the EPA SWMM

runoff model and ESRI's ArcView GIS for utilization by the City of Phoenix, Arizona for decision support

concerning land-use changes and pollutant loading.

The G IS We asel, develo ped by the  US Ge ological Su rvey, was a gra phical user inte rface deve loped to a id

hydrologists and other physical process modelers in the delineation, characterization, and parameterization of an area

of interest, drainage nets, and modeling response units for distributed and lumped parameter models (Kenner and

Love, 1999).

Fankhauser (1999) presented an automatic determination method of imperviousness from aerial photographs. The

color infrared aerial photographs and orthophotos used have a ground resolution of 25 to 75 cm. A maximum

likelihood classification algorithm was applied to assign each pixel to a surface category. Classification results were

then overlaid with the subcatchments to determine the imperviousness of each subcatchment. Classification and

overlay were carried out with the raster-based GIS IDRISI.  The accuracy of the estimated imperviousness for the

entire catchment areas was within 10  %.  Anderson (1999) d escribed how hydraulic modeling, financial reporting
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and GIS have been integrated into a drainage management system in the city of Victoria in Australia.  Butcher

(1999 ) describe d a semi-lum ped, GI S-based, tra nsition matrix ap proach to  estimate land  use that was co nsistent with

the level of complexity achievable in most watershed models.  Several recent reservoir water supply projection

studies were  used to demonstrate a general framework for simulating changes in land use and resulting impacts on

water quality.  Butt et al. (1999) described a unified database for 14 Lake Tahoe Basin (Nevada) streams that

included an inventory of riparian vegetation and stream morphology, using stream classification and riparian

vegetation cover data sets. The authors provided detail on data collection and explain the development of the

resultant datab ase. 

Calomino et al. (1999) described using GIS for large urban areas based on all the information needed for urban

storm-water modeling.  The GIS has been used together with a diffused rainfall-runoff model, MOUSE, to simulate a

number of experimental events.  Herath et al. (1999) presented a framework for rapid estimation of urban flood

damage.  The economic damage estimate was based on the property distribution within the inundated area,

inundation d epth and sta ge-damag e functions.  T he stage-dam age functions  were derive d from pa st flood data  while

the property distribution was represented in a detailed GIS.  The method was applied to a recent flood in Chiba

prefecture, Japan, and estimations and compared well with post damage assessments.  Hijioka et al. (1999) described

the use in Japan of distributed simulation for sewer systems to reduce inundation and water pollution events caused

by CSO.  An integrated system was developed to solve the problems of data-conversion from the existing sewer

ledger da ta and the land  use data.  T he values we re generate d using the de tailed land use  mesh datab ase (10 x 1 0-m). 

The comparison of the simulation results with the existing rainfall data showed very good agreement.  Preau and

Ahmad (1999) described the comp onents of a collection system model developed by the Sewerage and W ater Board

of New Orleans, Louisiana as part of a multi-year sewer system evaluation and rehabilitation program.  The authors

demonstrated how the utilization of a GIS in collecting and storing the data in a single location eased the model

building and calibration process.  Sieker et al. (1999) used GIS to process data related to the applicability of on-site,

decentraliz ed stormw ater manag ement.   

Zech and Escarmelle (1999) described how distributed hydrologic models were promising but their development
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depend s on the availab ility of high-resolution  data able to  represent ur ban features . Public da tabases from  satellite

imaging were not yet adequate. The authors investigated the possibility of using other kinds of databases designed

more specifically for cartography. The advantages and inconveniences of such an approach were pointed out, based

on two actual examp les.  According to Ne lson et al. (1999), the W atershed Mo deling System (W MS) was a

comprehensive computer software application for watershed characterization and rainfall-runoff modeling in a

graphical user interface environm ent. Through several G IS operations and tight integration with G IS databases,

WMS enabled hydrologists and water resource engineers to perform rainfall-runoff modeling more efficiently than

conventional mod eling methods.

REGULATORY POLICIES AND FINANCIAL ASPECTS

Policy

WW F control policy in the United States, including the ongoing implementation of EPA’s Phase II stormwater

regulations, prompted a number of publications. Despite the world’s most sophisticated regulatory system, and an

unpreced ented level o f public and  private investm ent in wastewate r infrastructure, 4 4  % of the  United Sta te’s

waterways were still unsafe for fishing and swimming, largely due to urban WW Fs such as CSO and stormwater

discharges. Guta (1999) discussed the challenges of identifying and managing this ubiquitous source of pollution and

building sustainable cities for the future. Calamita (1999 ) reviewed legislation that was considered  in Congress,

especially the CSO Control and Partnership Act of 1999 - H.R. 828 and S. 914, and the draft Urban Wet Weather

Priorities Act, both of which were intended to help create wet weather uses and standards in the United States. The

paper also reviewed EPA’s efforts to comply with language added to their budget for this year that requires that they

develop  a guidance  docume nt to facilitate wet we ather use revie ws nationwid e. EPA  has made  significant efforts to

comply with this congressional mandate thereby greatly enhancing the prospects for wet weather use reviews

nationwide . While the a pparent d irection of E PA’s Ph ase II stormw ater regulation s due to be  promulga ted in

September 1999 appeared to encourage the use of the watershed approach, the details in the regulation do not reflect

that theme. 

A comparison of the directions the Phase II regulations appear to be taking and the approach of the  Rouge River
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National Wet Weather De monstration Project in Southeast Michigan was made and discussed by Cave et al. (1999).

Murray e t al. (1999)  described  the lessons lear ned in build ing institutional and  regulatory fram eworks ne cessary to

accommodate a watershed approach to wet weather pollution management by Wayne Co unty's (Michigan) Rouge

River National Wet Weather Dem onstration Project. Also described were the consensus building strategies that were

used to engage numerous stakeholders, provide them opportunities to influence decisions, and participate in the

Rouge R iver restoratio n.  

Hudson (1999) discussed EPA efforts to encourage the use of decentralized wastewater treatment systems by

focusing on encouraging alternative technology where appropriate, promoting management systems, and

coordinating its initiatives with other ongoing efforts nationwide. The EPA Long-term CSO Control Policy

"Presumptive Approach" provides guidance for specific levels of control, namely , no more than four overflows on

average per year or the elimination of no less than 85 % of volume of the combined sewage collected in the entire

system on an annual basis. The EPA believed that there was a general "equivalence" between the performance

criteria that specify “percent capture” and the “number of overflows.” However, Morgan et al. (1999) demonstrated a

wide variation between the storage controls developed under either of these criteria, and recommended that the

municipalities should look at the site-specific nature of the CSO problem, and develop control alternatives

accordin gly. 

A Natural Resources Defense Council report supported EPA’s propo sed rules to clean up stormwater runoff and

storm sewe r discharge s in small cities and  noted that the  propos al’s cleanup stra tegies have b een succes sfully

employed by more than 150 urban towns. At the same time, however, some states were complaining that the EPA

proposal would undermine many state-run programs already in place (Environmental Science & Technology, 1999).

Until now, no legal principle has been used to ensure that equity and economics were incorporated into the TMDL

adoptio n and alloc ation proc esses. How ever, Clean  Water A ct section 30 5(b) may b e a viable ve hicle for finally

including these concepts into the TMDL process (Thorme, 1999).

Stormwater discharges associated with industrial activities must be characterized for effective analysis of pollutant
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loads in urban watersheds. Regulatory compliance lists and inventories developed for other purposes may be poor

estimators of discharging facilities. This research evaluated usefulness, flaws, and limitations of multiple forms of

existing databases; then demonstrated methods to assess, combine, and correct databases to refine estimates of

potentially disc harging facilities in a g iven region (D uke et al., 199 9b). Th is research ev aluated co mpliance w ith

U.S. pollution prevention regulations from stormwater discharges associated with industrial activities, focusing on

facilities that had failed to complete first-stage compliance requirements ("filed") approximately 5 years after the

regulations took effect (Duke and Shaver, 1999). In the City of Bergen, Norway, extensive measures against point

pollution sources were implemented and to be finished before the end of year 2000 for improving the receiving water

conditions.  Future improvements in the receiving water quality was planned through different measures aimed at

reducing sto rmwater-me ltwater runoff wh ich causes sur face pollutio n washoff and  CSO (T horolfsson , 1999). 

Permitting.  Stormwate r discharge s associated  with industrial activitie s must be cha racterized  for effective ana lysis

of pollutant loads in urban watersheds. Regulatory compliance lists and inventories developed for other purposes

may be po or identifiers o f discharging fac ilities and poo r estimators o f discharges. In  1996, the  General E lectric

Plastics (GE Plastics) resin production facility located in Bay Saint Louis, Mississippi, embarked on a capital

program to improve stormwater management at the facility by permitting and installing a structural BMP consisting

of a first flush capture an d treatment sys tem for critical ar eas of the facility that ha d a poten tial to contribute

acrylonitrile to stormwater discharges from the facility. Bennett et al. (1999) discussed the issues encountered during

the permitting, implementation, and operation of the first flush system. A number of small cities across the United

States were finding it difficult to comply with the national CSO policy issued by the EPA and have proposed

alternative solutions to the CSO problem such as the site-specific designated-use reviews. In response, the EPA has

begun to develop guidelines for designated-use reviews and provide technical and financial aid to several states

(Mealey, 1999).

WW F control often involves unfamiliar institutional alliances, diverse groups of stakeholders, varied goals, and

social or institutional resistance to new approaches. Bateman et al. (1999) reviewed the institutional framework the

state of Florida has implemented to address stormwater problems associated with land uses. Karaitiana et al. (1999)
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discussed a  partnership  between the  City Counc il of Christchurc h, New Ze aland and  the indigeno us Moa ri people to

sustainably manage the wetlands and  waterways of Christchurch. The  partners have identified six generic values,

including ecology, landscape, culture, heritage, recreation and drainage, which will replace only drainage as the

goals of the management approach. The government of New South Wales (Australia) has initiated a stormwater

management planning program to mitigate the environmental impacts of stormwater runoff from urban areas

throughout the State (Sharpin et al. 1999). The urban stormwater management plan addresses environmental

protection issues, including stormwater quality, river flow, riparian vegetation and aquatic habitat management, and

was tailored  to the state’s climatic , ecologica l, social, land use  and adm inistrative chara cteristics. Nielsen  and Elle

(1999 ) argued tha t current infrastruc ture hold a c onsiderab le momen tum, and this m omentum  was a barrie r to

transformation to newer more sustainable technologies. The sewage sector in Denmark was an example of a technical

infrastructure system whose technical, economic, and social momentum acts as a barrier to the implementation of

small-scale storm water infiltration. 

Geldof (1 999) disc ussed the imp act of “qwer ties” on the imp lementation  of source-o riented app roaches to

stormwater management in Holland. A qwertie was an ingrained pattern that occurs in a complex process which can

be eliminated only by taking measures which have sufficient critical mass and doing so at the right moment. Nine

qwerties were detailed, including those of conservatism and the use of different languages. McElroy (1999) outlined

efforts in the Pa lestinian W est Bank a nd Gaz a Strip to de velop sustain able water u se and reuse  practices an d to

improve  wastewater tre atment so tha t water quality stand ards and re gulations can  be adop ted that will be m eaningful,

measurable and enforceable. Cooperating agencies included the Palestinian Water Authority, the Palestinian Ministry

for Enviro nmental Affair s, and Th e United S tates Agenc y for Internation al Develo pment. T he develo pment of a

stormwater management strategy for the City of Clarence in Tasmania illustrated a number of difficulties faced by

local gove rnment age ncies and co mmunities see king to be m ore enviro nmentally and  socially respo nsive to

ecologica l sustainable d evelopm ent goals, and  the strategies ava ilable to add ress these difficulties. P hilips et al.

(1999) outlined a number of innovative approaches to the technical analysis which were used by the City of

Clarence, and the princip les guiding the selection of particular options. In 19 94, Northern K entucky’s three counties,

including 28 cities, consolidated their sewer collection systems under Sanitation District No. 1, creating the second
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largest public sewer utility in Kentucky, which maintained more than 1,200 miles of sanitary sewer lines. Many

participating jurisdictions believe that the Sanitation District were now looking to the District to take over the

operation and maintenance of Northern Kentucky’s stormwater drainage systems and controls (Higdon and Eger,

1999) . Because  of the diverse , multi-agency an d interactive n ature of the wa tershed ma nagemen t approac h model,

both drinking and wastewater utilities often found it difficult to establish and define their role in a watershed

management program. Shablen and Lauria (1999) outlined how the city of Columbus, Ohio, Division of Water and

correspo nding waters hed stakeho lders have a dopted  unique role s integrating fede ral, state and loc al resource s to

develop a source water protection partnership.

In March 1998, Portland Orego n became the first major urban area with a threatened salmonid listed under the

Unites States’ Endangered Species Act (ESA). This marked the first time the ESA has been applied in a major urban

area and would result in new challenges in how best to apply and meet the Act. It would also require fundamental

changes in a broad suite of activities conducted in planning, developing, and maintaining a city (Abrams and

Prescott, 1 999). T he city of Indian apolis, M innesota was  currently fighting state  permitting pr ovisions that wo uld

make it illegal for the city’s treatment facility to discharge combined sewer and stormwater flows without secondary

treatment. The new regulations could cost the city $2 billion over the next decade (Civil Engineering, 1999). Odeal

(1999) described efforts by the Northeast Ohio Regional Sewer District to fashion a program to develop future

employees and leaders for the district, which provides wastewater conveyance, CSO control, and wastewater

treatment for the Greater Cleveland area (Ohio). After years of failing to meet WW TP discharge requirements, the

city of Waterton, South Dakota evaluated the existing treatment process, to determine whether or not the City was

truly on a path to compliance, and to assist with making any projects affordable. Schroedel and Boerger (1999)

presented the success of one of the resulting recommendations, using a program manager to track all required

activities to achieve compliance. Van der Heijden (1999) discussed a system of BM P intended to reduce the

phosphorus loading from an area of new development and existing commercial and mixed land use. This effort was

part of the New York City Department of Environmental Protection’s pilot phosphorus offset program.

Cost Analysis and Financing
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Cost analy sis. Onsite detention (OSD) of storm runoff decreases catchment peak flows through the routing effect of

temporary storage; onsite retention (OSR) achieves the same objective by abstracting part of the urban flood wave

and passing the retained water to disposal on site. Comparisons were made on the basis of site storage required

(SSR) to  achieve the sa me globa l peak flow re ductions, en vironmen tal aspects and  cost. OSR  practice wa s shown to

out-perform  OSD g enerally in med ium-large (14  ha to 210  ha) catchm ents with respe ct to SSR a nd, hence, c ost;

however, Scott et al. (1999 ) cautioned against use of OS R in unsuitable circumstances.

Koch e t al. (1999)  described  an appro ach to the de termination o f flood frequ ency as a functio n of mone ys that could

be spent to  address a r oad flood ing proble m caused  by runoff from  a 2-m2 residential are a near W ashington, D C. 

Flood mitigation options included both culvert resizing and the provision of detention areas upstream. Challenges

faced in completing this project included establishing a practical limit on the number of detention sites to be

considere d, and right-o f-way issues in an are a fully develop ed for single fam ily homes. 

Kreeger et al. (1999) presented a methodology for determining drainage system costs as the function of design storm

recurrenc e interval. Th e Mann ing equation  and sewer a nd swale co st data were c ombined  to yield a relation ship

giving the cost per unit length of sewer or swale as a function of design flow. A typical residential development was

created and a stormwater modeling computer program (Rational Method and Manning equation) along with derived

cost functions were repeated ly used to design and cost the dra inage system for a range of recurrenc e intervals.

Mangarella et al. (1999) described the retrofitting of a flood control basin in Sunnyvale California and subsequent

monitoring  to evaluate the  pollutant rem oval cost effec tiveness of the re trofitted basin. C osts, and pa rticularly

benefits, of WWF control were often hard to quantify. Bond (1999) examined the benefits of basic infrastructure

investment - water and sanitation systems, new electricity lines, roads, stormwater drainage, and other services

provided at municipal level - to South African society. The direct economic benefits of infrastructure for low-income

people have long been recognized, and include construction jobs, improvements in work productivity; and the

growth of small enterprises. Indirect benefits include more time and resources for women; dramatic environmental

benefits, public health benefits (which require infrastructure of a sufficient quality so as to enhance rather than
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endanger health), and the desegregation of urban society (with respect to enhanced employment, educational and

cultural opportunities). McDonald and Johns (1999) use an example from Bogotá, Colombia to demonstrate how

Social Benefit-Cost Accounting (SBCA) can be used to value the benefits and costs of a watershed restoration and

protection project. By addressing the benefits and costs to all stakeholders, the design of watershed management

programs can be improved to achieve goals in a cost-effective manner.

Rein (1999) evaluates environmental costs and benefits of implementing vegetated buffer strips (VBS) at Elkhorn

Slough, Monterey Bay, California, both to the grower and to society as a whole, as a means of capturing nonmarket

ecosystem values and informing decision making. The results support installing VBS as a management strategy in an

erosion-pr one watersh ed to pro tect water qua lity and pre serv e soil fertility, as well as to p rotect eco nomic intere sts. 

Various a uthors exam ined the co sts and bene fits of new or reh abilitated sew er and storm  drainage syste ms. 

Backstrom et al. (1999) compared resource use in a conventional buried pipe system and a grassed swale system.

Based on usage of both physical and financial resources, the grassed swale was a more economic alternative than the

pipe system in areas with moderate land prices. Hasegawa et al. (1999) presented a system for assessing the need for

repair and improvement of sewer pipe networks based on; 1) Decrease in flow capacity of the sewer pipe, 2)

Possibility of road collapse, 3) S ewer overflow and floo ding by Infiltration/Inflow (I/I), 4) Increase of treatment cost

by I/I.  Hirai et al. (1999) applied the Analytic Hierarchy Process procedure to prioritize portions of a drainage

system reconstruction project. This system was effective because it can take into account both quantitative and non-

quantitative measures of reconstruction needs. An analysis of historical development and present status of urban

drainage in S witzerland a nd Germ any condu cted by K rejci and B orchard t (1999)  clearly indicate d that acco rding to

identified problems the current practice was associated with a high risk of misdirected investments and was not

consistent with optimum system operation. The authors identified research objectives and conclude that for the near

future cost efficien cy should b e an impo rtant issue in urba n drainage . Prato (19 99) prese nts multiple attribu te

decision-making (MADM) as a means of evaluating and selecting land and water resource management systems

(LWRMS). Advantages of MADM were that it facilitates community-based collaborative decision making, avoids
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some of the ethical, theoretical and practical shortcomings of conventional economic approaches, does not require

assigning mo netary values to  ecologica l services, allows  considera tion of multiple a ttributes and w as not culturally

biased.

Financing.  McCleary (1999) discussed the costs and savings of the stormwater banking approach adopted by

DeiDOT and provided useful information regarding program implementation. Doll et al. (1999) provided examples

of stormwater utilities with credits for onsite stormwater manage ment, including credits for peak runo ff controls,

implementation of water qu ality BMP, and  proper maintenanc e of onsite stormwater facilities.

Taxes or charges for stormwater discharges were becoming a more widespread method of funding WWF control

efforts. The Augusta (Maine, U.S.A.) Sanitary District was facing a projected capital expenditure of roughly $30

million for CS O abate ment alone  over the nex t fifteen years. Rec ognizing that the  costs for wet-we ather contro ls

could not be equitably distributed using its current system of charges, a new system was developed during 1998 and

implemented in 1999 which took into account impervious areas as a means to generate appropriate levels of

stormwater-based revenues (Freedman et al. 1999). Haarhoff (1999) reported on the introduction of a rainwater tax

on runoff from sealed surfaces into receiving waters that was implemented by the Land (German Federal Region) of

Schleswig-Holstein. The reactions of the communal authorities and their administrators responsible for the disposal

of the wastewater including rainwater, and the level of success achieved by the District Water Authority in enforcing

the creation o f facilities for the treatm ent and reten tion of surface r unoff was disc ussed. 

CONTROL AND TR EATMENT TECHN OLOGIES

Stinson et al. (1999) presented an overview of the EPA’s Environmental Technology Verification (ETV) program

which was established to overcome the numerous impediments to commercialization experienced by developers of

innovative environmental technologies.  The purpose of ETV  was to provide such data and information to the

customer g roups that re quire them in  order to a ccelerate the  real world im plementatio n of impro ved techno logy. This

publication  described  the ETV  approa ch and two  recently initiated p ilot program s for verification te sting of W WF

and source-water pro tection technologies.
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A case stud y was reviewe d which ap plied urba n design pla nning for a co mmercial re develop ment proj ect in the City

of Vista, California involving the replacement of a 1950 concrete flood control channel into a restored natural “river

walk” linear park. The proposed creek restoration would provide the focal point for an economic revitalization of the

downtown area that includes restaurants, shops, and entertainment center, with the creek providing the common

linkage (Phillips, 1999). Wong et al. (1999b) discussed the various issues and performance considerations associated

with the com parisons o f ponds an d wetlands fo r stormwater  pollution co ntrol.  Pond s and wetland s were com monly

used in urban design to meet a number of urban planning objectives including the management of urban stormwater

for water qu ality improve ment.

Stormwater Best Management Practices (BMP)

According to Rushton (1999), an innovative parking lot design at the Florida Aquarium in Tampa, Florida, was

being used as a research site and demonstration project to show how small alterations to parking lot designs can

dramatically decrease runoff and pollutant loads. Three paving surfaces were compared as well as basins with and

without swales to measure pollutant concentrations and infiltration. Utilization of parking lots around Hatiiesburg,

Mississippi was examined to suggest mechanisms for reducing runoff into local streams (Albanese and Matlack,

1999) . 

Prince George’s County, Maryland first introduced the bioretention device (commonly referred to as a “rain garden”)

in 1990.  Utilizing physical, chemical, and biological treatment processes within an aerobic soil media/vegetated

filter system, bioretention has been shown to be highly effective in removing pollutants such as heavy metals and

nutrients from urban runoff. By capturing, infiltrating or filtering stormwater runoff close to the source, the use of

bioretentio n treatment ca n also restore  hydrologic  functions (W inogrado ff and Coffm an, 1999 ). Beginning  in July

1997, the  University of V irginia has bee n testing a vault/rese rvoir structure  installed at a bu s maintenanc e facility in

Charlottesville, Virginia; two larger such structures were later installed in Warrenton, Virginia and were monitored

between October 1997 and S eptember 1998. Another ultra-urban BMP , a bioretention area, was installed at a high

school site in 1998 and has been monitored since November 1998. A total of 22 storm events were sampled at the
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vault/reservoir structure sites, and 4 storms have been sampled at the bioretention site; water quality parameters

examined  included to tal suspende d solids (T SS); total ph osphoru s (TP); ch emical oxyg en dema nd (CO D), and o il

and grease (OG) (Yu et al., 1999).

General stormwater control objectives and sustainable drainage design. Braune and Wood (1999) described 

how Sou th Africa curre ntly has one of the  highest rates of ur banization  in the world, ca using a significant inc rease in

surface water runoff and attendant increases in flooding and significant decreases in water quality. They presented a

method o f how the existing  problem  areas can b e identified an d ranked , and how the  use of BM P can be  used to

reduce the impacts associated with urbanization. Cutler and Eastman (1999) described two projects in Christchurch

Cith, New Zealand. The first, Regents Park, was an urban subdivision in an area with springs, open drains and a high

water table. The City Council worked with the developer to naturalize and enhance the open waterways so that they

added  value to the lan dscape, e cology, dra inage, and v alue of the sub division. T he second  area, the T ranz Rail

transfer yards, was a multi-million dollar development involving extensive areas of roofing and paved surfaces. They

developed an integrated stormwater design approach that includes a two-stage settling/treatment/filtration system that

retains peak discharges, contains contaminated spills, and alleviates downstream flooding. Hottenroth et al. (1999)

examined the effectiveness of integrated stormwater management in Portland, Oregon. The stormwater program

encourag es innovative , non-structural p ollution redu ction techniq ues such as na tive landscap ing, grass swale

drainages, ponds, and public involvement and education. The Parkrose Pilot Project was started in 1994 to test the

effectiveness of a wide range of these BMP in a small watershed in north Portland.

Iwamoto et al. (1999) described the sequence of urbanization, and associated receiving water problems in Japan.

River excavation and widening were first used in the suburbs, followed by the raising of levees and overflow

spillway to let flood discharges flow into tempo rary storage areas near rice fields. In the most urb anized areas,

drainage channels and pump stations were constructed to handle the increased flows. Contrary to these historical

approa ches, they feel that “so ft” approa ches should  be tried to en courage th e natural ben efits associated  with

reforestation  and land c onsolidatio n. Koba yashi (199 9) describ ed chang es that have o ccurred w ith develop ment in

Nagoya City, Japan. Rapid rainwater conveyance was being achieved by expanding storm sewers and pumping
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stations, but they were  also stressing the use of infiltration facilities throughout the city area. Private infiltration

facilities have not been developed as much as they hoped. The authors described an approach to constructing porous

pavements; managing the decreased infiltration capacity of the pavements with time; and the needed field inspection

and reco very opera tions to restore  the infiltration cap acity.

Cutler and Simpson (1999) described the challenge facing the city of Christchurch (New Zealand) to develop

sustainable, aesthetically pleasing waterway environments that were environmental assets for the adjacent

landowners. Designers were expected to naturalize the artificial drainage channels, or create new realigned reaches

in confined urban settings A range of techniques were  being applied to replace the existing drainage system with a

sustainable naturalized waterway environment. Stahre (1999) reviewed ten years of different experiences pertaining

to sustainable stormwater management in the city of Malmo, Sweden. A basic element in sustainable stormwater

management in Malmo was the involvement of ecological processes in drainage and that the technical design, to a

great extent, was adapted to the p revailing local conditions.

Zhang et al. (1999) stated that, although separate sewer systems usually were  not designed to take full advantage of

available NPS  controls, a great improvem ent can be achieved b y combining a numb er of separate control op tions.

Thorolfsson and Sekse (1999) reports that the green trend in urban stormwater management, as demonstrated in the

Birkeland  test basin in Be rgen, No rway, utilizes the ca pabilities of natu re to store hug e stormwate r and snow melt

volumes an d to reduc e the pollution  content in the re ceiving water . Thoro lfsson (199 9a) further d escribed th e Sandsli

system (an altern ative drainag e system dem onstrated in B ergen, No rway) used fo r drainage m anageme nt in the north

Atlantic. The goal was to manage the total urban runoff (wastewater, stormwater, and snowmelt) in a way that

environmental dama ge was avoided, and  the goals for the receiving water were ach ieved at reasonable co sts.

Thorolfsson (1999b) described how non-contaminated runoff was to be handled near the source by percolation

and/or detention, while the polluted runoff will be collected and conveyed to an appropriate site for treatment and

discharge. 
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McAlister et al. (1999) found that the fine sediment in urban stormwater was a key cause to many receiving-water

impacts. As a consequence of these studies, a total catchment approach has been developed and applied to urban

stormwater quality management in Brisbane city (Australia). Mehler and Ostrowski (1999) found that an

economically and ecologically sound combination of centralized and source area control measures will be a concept

of the future of stormwater management in Germany and elsewhere. Holz (1999) described how engineering

solutions hav e not been  effective at avo iding the deg radation o f receiving wate rs in the northwe st of Wash ington’s

Pacific costal region. They concluded that “hard” engineering methods have little chance of mimicking the

stormwater runoff attenuation of forest cover, regardless of storage provided, and that another paradigm for

development must be adopted (in contrast to the present “clear, grade, and pave” approach that has not been proven

to be mitigata ble). 

BM P effectiveness.  Roesner  and Bra shear (19 99) repo rted that ove r the last ten years, a n umber o f BMP  manuals

have been developed to address the control of urban runoff for receiving water quality protection. They concluded

that there was a lot of ignorance in the scientific community about what constitutes a properly designed BMP and

what it really achiev es, with respec t to environm ental protec tion. They the refore reco mmend  a design criter ia

develop ment app roach that ca n be app lied over a w ide variety of clim atologic, top ologic, and  geologic c onditions to

protect receiving waters systems. Roesner (1999) further believes that the conflicting opinions on the effectiveness of

various BMP result mostly from: 1) there was no accepted uniform design criteria for BMP; and 2) the objectives of

the management pra ctices differ between authors.

Buffer  corrido rs. Crifasi (1999) gave a description of Boulder’s (Colorado) instream flow and riparian zone

management program, where extensive, high-quality wetlands and riparian areas exist along south Boulder Creek.

South Boulder Creek’s riparian corridor contains plains riparian cottonwood forests, willow shrublands, freshwater

marshes, and alkali wetlands that provide refuge for two federally threatened species, plus other rare species of

plants and animals. Haberstock (1999) presented a method used to determine optimal riparian buffer widths for

Atlantic salmo n habitat pro tection in M aine. Zone  1 (no-cut zo ne), closest to th e stream, has a  fixed width of 3 5 ft in

which no disturbance to soils or vegetation should occur. Zone 2, landward from zone 1, was a variable width zone
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where only limited uses that do not compromise the desired functions of zone 2, such as light tree harvesting and

light recreation, should occur. Resulting total optimal buffer widths (zone 1 plus zone 2) range from a minimum of

70 ft to a maximum of more than 350’. In rare cases (e.g., extensive slopes > 25 %), optimal buffer widths can be

1,000 ft or more. The rehabilitation of urban stream channels to protect Pacific Northwest salmon runs were

described by Henshaw (1999). In an effort to bolster the survival of salmon returning to the local streams to spawn,

land managers have begun extensive programs to rebuild or rehabilitate appropriate habitat that has been lost or

degrade d due to ur ban deve lopment.  Although rebuilt habitat in a stabilized urban stream may not provide the level

of ecologic al integrity require d to maintain  endange red salmo n and othe r stream bio ta, physical stability wa s likely

one necessary component of a healthy stream. O’Neal et al. (1999) described hydraulic and biological effects of

large woo dy debris (L WD ) and an en gineered w ood altern ative for stream  channel reh abilitation pro jects in the state

of Washington. The engineered structures consist of an interlocking complex of small diameter poles that can be

carried by hand and assembled on site. The artificial structures have a high hydraulic and surface roughness to trap

sediment and debris and caused variations in the pattern of water flow and resultant scour compared to natural LWD.

No statistically significant differences were observed in the biological communities associated with these structures

compared to LWD.

Stormwater beneficial use. Argue and Pezzaniti (1999) investigated the harvesting of stormwater to replace water

supply mains for the irrigation of areas landscaped with grass, flowerbeds, and shrubs in Adelaide, South Australia.

Four categories of catchments were recognized according to their levels of pollution production - roof runoff and

“low”, “medium” and “high” pollution runoff surfaces. Large roof areas draining to gravel-filled trenches provide

passive irrigation for grassed surfaces, for example. Dillon et al. (1999) described the development of “new” water

resources by using aquifer storage and recovery of stormwater. The reuse of reclaimed water through storage

aquifers can lead to more environmentally sensitive design, with reduced requirements for imported water, reduced

exports of sewage and stormwater, and lower water supply costs. Dixon et al. (1999) demonstrated the water saving

potential of domestic water reuse systems using greywater and stormwater. Monte-Carlo modeling results show that

changes in household occupancy, roof area, appliance type, and storage volume, affect the water saving efficiency of
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a reuse system. Fox (1999) also described a watershed approach for integrated water reuse. Zaizen et al. (1999)

described roof-runoff reuse at domed stadiums in Japan, as part of a wid er progra m for prese rving hydro logic cycle

characteristics  in urban are as. Tada  et al. (1999 ) investigated thr ee alternative sto rage metho ds that can b e used to

assist stormwater reuse. The best method (Type-1) uses a small tank to separate “first-flush” runoff nonpoint

pollution loads from the remaining discharges. Type-2 has an overflow weir to separate polluted runoff stormwater,

while type-3 has an orifice to separate un-po lluted stormwater into the utilization tank. Pratt (1999 ) described the use

of storage reservoirs under permeable pavements for stormwater treatment and reuse. Permeable surfaces for roads

and footpaths have been used as a means of disposal of stormwater in developed urban areas and undersealing them

to enable them to retain stormwater for reuse for non-potable uses was feasible. However, the stormwater may be

degraded where the pavement was used for car parking. Tredoux et al. (1999) described the Atlantis Water Resource

Management Scheme that uses artificial recharge of urban stormwater and treated wastewater to augment natural

groundwater. The important element was the separation of the stormwater into components of distinctly different

quality. Residential and industrial urban runoff was separated into baseflow and stormwater components and utilized

for various approp riate purposes.

Public education. Mashiah et al. (1999 ) found that raising community aware ness of stormwater impacts was a

critical component of an effective stormwater management program. The campaign included television advertising,

newspaper and radio advertisements, displays, free environmental audits for local businesses, and a stormwater

ambassador program for local schoolchildren. Heremaia (1999) described the public stormwater education program

used as part of the Christchurch (New Zealand) integrated environmental planning program. The successful pilot

program included the development of a web site, audio conferences, a competition, and a drama production. Young

and Collier (1999) described the research-based stormwater education of the New South Wales (Australia)

Environment Protection Authority. This education program was unique in Australia by providing a comprehensive,

integrated, and continuing research-based strategy for involving the community in preventing stormwater pollution.

Litter/floa table con trol. Armitage and Rooseboom (19 99) summarized the results of three years of laboratory

investigations sponsored by the Water Research Commission of South Africa into the movement of urban liter



91

through po tential trapping  structures. Th ey found that o nce the litter has en tered the dr ainage system  it was difficult

to remove. They concluded that declined self-cleaning screens showed the greatest promise for the removal of urban

litter from most stormwater conduits and streams in the less developed countries. Newman et al. (1999) reported that

the City of Ne w York h as improv ed its ability to co ntrol one so urce of floatab les and po ssibly other po llutants to

New York Harbor through its newly implemented “Illegal Dumping Notification Program.” This program takes

advantage  of one City D epartmen t’s field presenc e to gather an d transmit valu able inform ation to ano ther City

Department for enforcement and cleanup. They found that this program likely will reduce the number of illegal

dumping sites by 15 %. Phillips (1999) described how the State Government of Victoria (Australia) provided

funding to develop a litter trap (the In-line Litter Separator, or ILLS). The ILLS can be retrofitted into the drainage

system downstream of sho pping areas.

Catchba sins/grit traps.  Grey et al. (1999) summarized the role of catchbasins in the CSO floatables control

program in New York City. There were approximately 130,000 catchbasins, distributed over 190,000 acres, in New

York City. They found that catchbasins were simple and very effective in controlling floatable material at the source.

The most important aspect of catchbasin designs for floatables removal was the presence of a hood that was hung

over the basin’s outlet. Several studies conducted in the City have shown floatable retention efficiencies of 70 to 90

%. Catchbasin hoods were also very cost-effective controls at a cost of about $100 per acre. The City implemented a

catchbasin inspection, mapping, cleaning, and hooding program as part of its CSO control program. Siegel and

Novak (1999) reported on the activity of the microbial larvicide VectoLex CG (R) (Bacillus sphaericus) for the

control of m osquitoes in  346 tested  Illinois catchba sins. The tests w ere deem ed success ful. 

Washbusch (1999) repo rted on an extensive evaluation of a proprietary urban stormwater treatment unit (the

Stormce ptor) in M adison, W isconsin, con ducted b y the United S tates Geolo gical Survey (U SGS) a nd the W isconsin

Departm ent of Natur al Resourc es (WD NR). T he evaluatio n was cond ucted on a  4.3 acre city m aintenance ya rd site

over 9 m onths and fo r 45 runo ff events having ra infall depths ran ging from 0 .02 to 1.3 1 in., plus som e snowme lt

influence from imported snow to the maintenance yard. About 90 % of the runoff was treated by the unit, and the
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remainder flows bypassed the unit during periods of high flows. The overall effectiveness of the unit was 33 % for

suspended solids, 17 % for total phosphorus, 34 % for total PAH, and from 20 to 30 %  for most heavy metals. In

general, dissolved constituents were unaffected by the unit. Performance during the early spring events was degraded

by high saline snowmelt water, which had elevated conductivity from on-site deicer storage, that significantly slowed

particle settling.   

Grass swa les and grass filter strips.  Ellis (1999) described the benefits and problems associated with directing

roadway runoff to a roadside swale/infiltration system. He summarized the range of pollutant removal efficiencies

achieved by vegetative BMP and reviewed available design procedures for grass-lined swales and constructed

wetlands for the United Kingdom. Gharabaghi et al. (1999) described how rolled erosion control products have

proven to be successful in reinforcing vegetative channel lining systems and improving their performance in erosion

and sediment control. Mendez et al. (1999) summarized the results from an 18-month field experiment that was

conducted to evaluate the effectiveness of grass filter strips in removing sediment and various nitrogen species from

runoff. The y found that the g rass filters reduce d contam inate yields from  42 to 90  % and c oncentratio ns from 20  to

83 %, depending on length and nutrient specie. Boubakari and Morgan (1999 ) tested the effectiveness of growing

Festuca ovina and Poa p ratensis  on contour grass strips for erodible sandy loam soil on steep slopes. The Poa

pratensis  was less rigid and became flattened under submergence in the later part of the storms and was therefore not

very effective in controlling erosion on the steepest slope tested (29 %).

Filtration/sorption. Sansalone  (1999)  conducte d detailed te sts of a partial exfiltratio n trench (P ET) for  passively

treating highway runoff at a test site in Cincinnati, Ohio. Runoff treatment in the PET occurred primarily by sorption

and filtration. Media in the PET was expected to last more than 10 years. The mass pollutant removal efficiency

generally exceeded 8 0 % during the on e year of tests. Exfiltration from the PET  to clayey glacial till soils also

exceede d 30 %  for some ru noff events. Step henson et al.  (1999 ) also descr ibed a pilo t-scale stormw ater runoff

treatment system for highway runoff that used peat, sand, and rock to remove contaminants by sedimentation,

filtration, and adsorption. Field-testing sites were located in Knoxville, Tennessee, and Frederick, Maryland. The

primary goal of this investigation was the development and evaluation of practical remedial measures for treating
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highway runoff draining into sinkholes, where very rapid movement of surface runoff to the groundwater can occur.

Urbonas (1999) presented a detailed description of the design approaches needed for effective sand filtration of

stormwater. The approach uses the unit processes known to exist in urban stormwater runoff and within filter

devices. According to Shaver (1999b), the suggested design was based on hydraulic capacity of the filter media,

which, in turn, was a function of the total suspended solids removed by the filter. Shibata (1999) reported on the

performance characteristics of pipe installations with replaceable filters. The data collected included information on

the quantity of san d and gra vel trapped  in the filter section, as w ell as the ability of the filter to  concentra te pollutants

from storm water runoff.

The Multi-Chambered Treatment Train (MCTT) was developed for removal of stormwater toxicants from critical

source co ntrols (Pitt et al.,19 99). Th e MCT T was an u ndergrou nd device  that has three m ain chamb ers: an initial grit

chamber for trapping of the largest sediment and release of most volatile compounds; a main settling chamber

(providing initial aeration and sorbent pillows) for the trapping of fine sediment and associated toxicants and floating

hydrocar bons; and  a sand and  peat mixed  media “filter” (so rption-ion ex change) un it for the reduc tion of filterable

toxicants. A typical MCTT requires between 0.5 and 1.5 % of the paved drainage area, which was about one-third of

the area required for a well-designed wet detention pond. The research report described extensive development of

the MCTT, including much stormwater treatability information that can be used by others who want to enhance

performa nce of con ventional stor mwater co ntrol device s. A pilot-scale u nit was tested in B irmingham, A labama, at a

large parking lot. During monitoring of 13 storms, the MCTT was found to have the following overall median

reduction r ates: 96 %  for total toxicity, 98  % for filtered  toxicity, 83 %  for SS, 60  % for CO D, 40 %  for turbidity,

100 %  for lead, 91  % for zinc , 100 %  for n-Nitro-d i-n-proplam ine, 100 %  for pyrene, an d 99 %  for bis (2-ethyl

hexyl) phthala te. Corsi et al.  (1999 ) reported  the results of a full-scale  test of the MC TT at a  public wo rks yard in

Mileaukee, WI, conducted by the USGS and the WDNR . Monitoring of 68 common and toxic constituents was

conducted during 15 storms having rain depths ranging from 0.17 to 1.4 inches in depth, over a five-month period.

Very high reductions were found for all particulate-associated pollutants (reductions of 98 % for SS, 88 % for total

phosphorus, and 91 % for total ZN, for example), and somewhat less reductions for dissolved pollutant fractions (13
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% TD S, 78 %  dissolved p hosphor us, and 68  % for disso lved ZN , for examp le). The W I DNR  also cond ucted a full-

scale test of an MCTT at a 4-acre municipal parking lot at Minocqua, in northern Wisconsin, with similar high level

removals noted.

Airpor t deicer co ntrol. Periello et al. (1 999) de scribed a b iological treatm ent system for trea ting stormwate r runoff

that was contaminated with de-icing fluid at the Syracuse  (New York ) airport. During winter deicing op erations,

spent deicing fluid, combined with storm runoff, was collected and held in large treatment lagoons. When warmer

weather arrives and deicing operations cease, the collected deicing fluid and combined stormwater runoff (deicing

runoff) were treated in aerobic lagoons to reduce the BOD in the deicing runoff to levels suitable for discharge to the

local receiving waters. Safferman et al. (1999) studied the treatment of stormwater contaminated with ethylene glycol

originating from  airport deic ing operatio ns using a ben ch-scale sub surface micro biologica l contactor. Z itomoer et a l.

(1999) discussed the use of anaerobic co-digestion of aircraft deicing runoff and municipal wastewater sludge. The

high COD  runoff can lend  organics for  increased m ethane pro duction an d the oxyge n demand ing constituents in

propylene glycol deicing fluid were found to be readily converted to methane, with neither effluent BOD5 nor TKN

concentrations higher in co-digestion systems as compared to a conventional digester. They concluded that existing

municipal digesters could be employed to convert the seasonally-generated deicing fluid organics to methane that

could be  used to run e quipmen t or generate  electricity.

Stormwater Infiltration 

The behavior of heavy metals (Cd, Cu, Zn, Cr, Pb), nutrients (organic C, P, and N parameters), and major ions were

investigated during percolation of roof runoff water through an artificial infiltration site.  The concentrations of

various co mpone nts were dete rmined in ra inwater, roo f runoff, and infiltrating  water at vario us depths in the  soil

(Mason et al., 1999c). Permeable surfaces for roads and footpaths have been used as a means of disposal of

stormwater in developed urban areas. Such surfaces provide an alternative to impermeable concrete or tarmacadam

surfaces which would otherwise produce rapid stormwater runoff leading to possible flooding and degeneration of

receiving water quality through the uncontrolled discharge of polluted urban waters. A further advantage may be

obtained from such constructions by undersealing them so as to retain stormwater for reuse for non-potable uses
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(Pratt, 1999).

According to Anderson et al. (1999), permeable pavements and similar stormwater control devices have not been

exploited in the United Kingdom, in part because their adoption has been hindered by a lack of detailed knowledge

of their hydrological performance.  A range of simulated rainfalls, which varied in intensity and duration, was

applied to the permeable model car park surfaces and monitored over an 18-month period. Results demonstrated that

evaporation, drainage and retention in the structures were strongly influenced by the particle size distribution of the

bedding material and by water retention in the surface blocks. Argue and Pezzaniti (1999) researched stormwater

managem ent adop ted in Ade laide and d eclared a fo cus on harv esting of storm water to rep lace mains w ater in

irrigating areas landscaped with grass, flower beds and shrubs.  Four case study examples of systems involving

appropriate treatment trains were described, each one delivering harvested stormwater suitable for irrigation.

Given the characteristics of urban surfaces, and notably the amounts of the different pollutants that stormwater was

likely to contain, an experiment was carried  out in Valence (Franc e) on two infiltration facilities, in order to assess

the impact of intentional stormwater infiltration systems on the soil, and on groundwater. Stormwater from

imperviou s urban are as can adv ersely impac t water quality and  quantity.  The  PET  was a contro l device de signed to

modera te both the q uality and qua ntity of urban run off (Li et al., 199 9). Urba n stormwate r often conta ins high levels

of traffic-generate d metal elem ents and pa rticulates. The se constituents w ere transpo rted by storm water runoff to

surficial soils, draina ge systems and  receiving wa ters; Sansalon e (1999 ) summariz ed the in-situ field-sca le

performance of a passive treatment system called a PET for source control of these constituents.  Two infiltration

trenches were constructed in a densely built-up area in central Copenhagen and equipped with on-line sensors

measuring rain, runoff flow from the connected surfaces and water level in the trenches. Warnaars et al. (1999)

described the field site, the measuring system and the results from an initial soil survey. There were numerous

reasons, such the saturation of the existing downstream sewer system or its concentrate discharge impact on the

receiving water, for using stormwater infiltration systems. However, their feasibility within an urban development

project depends on physical soil characteristics and contamination risk, and also on socio-economic considerations
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(Alfakih et al., 1999).

Sedimen t transport wa s studied in no n-submerg ed overla nd flow ove r grass in a labo ratory. Artificial turf (a stro-turf)

was used to simulate natural grass and no infiltration was allowed at this stage of the investigation. Experiments were

conducted for different grass densities, flow rates, sediment inflows, and sediment types (Delectic 1999).

Utilization o f parking lots ar ound H atiiesburg, M ississippi was ex amined to  suggest mec hanisms for re ducing runo ff

into local strea ms (Alban ese and M atlack, 199 9). Suarm an et al. (199 9) repor ted a labo ratory simulatio n study,

suppleme nted with inform ation from field  installations, in which  four paving  sub-structures w ere subjec ted to

sediment lo ads equiva lent to those wh ich could b e expecte d below p orous car  park surface s in stable, fully-

developed residential neighborhoods in Adelaide, South Australia. Brough (1999) outlined the development

philosophy behind the use of ground soakage (construction of soil adsorption basins), and discusses the procedures

that have been used in the de sign of the basins at residential, industrial sites.

Peak flo w redu ction an d aquife r recha rge. Infiltration devices were installed in existing housing areas as a means

of reducing the peak flow in a combined sewer system. The resulting economic benefits of the retrofit, especially as

compared to the installation of a new sewer, were discussed by Simon and Terfuchte (1999). Watts et al. (1999)

reported on the utilization of infiltration and groundwater recharge as part of an overall management strategy for

Christchurc h, New Ze aland’s water ways and we tlands. The  infiltration device s used in the U pper H eathcote

catchmen t included a se parate infiltration  system for roo f drainage, gra ss swales for no n-roof storm water runoff,

infiltration basins and storage of excess runoff for later infiltration. Flood control was also suggested as another

benefit of planned infiltration. Yura et al. (1999) demonstrated the effects of a well-maintained infiltration facility on

the volume  of stormwate r runoff from a  large-scale ho using site. In add ition to flood c ontrol, the infiltration  basin

also had o ther positive e ffects: ground water recha rge, emerge ncy water stora ge, and the c ontrol of po llutants in

stormwater . Oka and  Nakam ura (199 9) used a k inematic wav e model in  combina tion with GIS  data to dem onstrate

basin scale effects of storm and infiltration on flood control. Rauch et al. (1999c) evaluated an integrated drainage

system and simple deterministic models for modeling this system in an Alpine area. The results revealed that the
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simple models worked well for simulating the system over a long period of time, and that infiltration was

recomm ended, es pecially when  compar ed to con ventional de tention pon ds. Nawa ng et al. (199 9) comp ared 1-D

nonlinear PDE  model results for water level profiles, outflow and  stormwater profiles with laboratory investigations.

The resu lts were used to  develop ment infiltration d esign practic es for tropica l conditions, sp ecifically for M alaysia. 

Investigations by van der Werf et al. (1999) in Adelaide, South Australia, demonstrated that infiltration of roof

runoff could occur through clay soils overlying a shallow sandstone bedrock even when the cumulative rainfall was

significantly greater than the average annual rainfall. Barros et al. (1999) tested the same premise under laboratory

conditions  using labora tory column s with a shallow b edrock b ase, an interm ediate soil layer  (sandy loam  and a silty

clay loam) and a stone cover layer. The infiltration capacity of the soil layer was found to control the fraction of

rainfall that becomes surface runoff. Pitt et al. (1999) investigated the effects of soil type, antecedent moisture

content, and soil compaction on the infiltration rates of water. Compaction had the greatest effect on infiltration

through sandy soils, while moisture content and compaction affected infiltration through clayey soils. Age since

development tests showed that some infiltration capacity could be recovered over time even in severely compacted

soils. King et al. (1999), using the Soil and Water Assessment Tool (SWAT) model, compared the Green-Ampt

Mein-Larson (GAML) method with the SCS daily curve number (CN) for their abilities to predict runoff volume

from the Goodwin Creek watershed. For this large watershed, the curve number method generally underpredicted

surface runoff volumes, while no pattern of over- or under prediction was seen with the GAML method. Yu’s (1999)

comparison of the Green-Ampt model and a spatially variable infiltration model showed that the Green-Ampt model

consistently underestimated the infiltration rate when the rainfall intensity was high. The measured rainfall and

runoff rates sho wed a po sitive relationship  between inte nsity and infiltration ra te, indicating a sp atial variability in

the infiltration capacity and making the spatially variable mod el a better predictor of infiltration rates.

Infiltration  installation s for pollu tant rem oval. Pagotto e t al. (1999)  reviewed the  information c urrently availab le

regarding th e ability of infiltration system s to remov e pollutants fro m water, and  including the va rious physica l,
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chemical, b iological and  microbio logical pro cesses that oc cur in the unsatu rated and  saturated zo nes of the soil

profile. A stud y on highway ru noff was perfo rmed in G ermany by D ierkes and G eiger (199 9). They te sted soil

profiles and collected water samples at different soil depths for lead, zinc, copper, cadmium and PAH and found that

the highest co ncentrations  were found  in the top 5 cm  of soil and within  two meters o f the street. 

Dupre e t al. (1999)  used ultrafiltration  at different pH s to investigate the  affinity of certain me tal ions to form  humate

complex es in natural wate rs with a high disso lved organ ic carbon  concentra tion. The lo g K cons tants for sorptio n to

organic colloids (metal-humate complexes) were as follows: Al, Ga, Fe, Th, U, Y, Re (more than 7) >> Cr (5.5) >>

Co (3) > Rb, Ba, Sr, Mn, Mg (approximately 2). The tendency of these metals to bind to organic colloids in water

should be similar to their ability to bind to organic soils in the vadose zone during infiltration or to organic filtration

media in a sto rmwater filter. P itt et al. (1999)  described  adding co mpost to the  natural soil in an infiltratio n system to

improve  both the flow a nd pollutan t removal ch aracteristics of the  system. W hen comp ared to a na tural soil

infiltration area, the compost-amended soil system significantly increased the removal of both the quantity of surface

runoff and the concentrations o f many toxicants typically found in urban runoff. Th e drawback to the co mpost

amendm ents was the incr eased nutrie nt loads in the syste m effluent. King  and Ba loph (19 99) mo deled the ru noff

losses of nitrates and pesticides from a golf course turfgrass using four irrigation schemes: normal and reduced water

application using potable water and normal and reduced water application using reclaimed water. They showed that

nitrate losses were significantly affected by the reduction in irrigation water volume, although the pesticides losses

were not sign ificant between  irrigation strategie s. Sansalone  (1999)  propos ed using an o xide-coate d sand in a P ET to

treat urban runoff. Sansalone and Hird (1999) investigated the one-year performance of the partial exfiltration

reactor (PER) in removing heavy metals from highway runoff. The tested prototype was able to infiltrate 10 to 30 %

of the highway runoff while removing at least 75 % of the heavy metal load from the stormwater. Hebrard and

Delolme  (1999)  demons trated that a bio film of Pseudomonas putida on sand could significantly enhance zinc

removal fro m runoff pe rcolating thro ugh the vad ose zone  when the influen t concentra tion ranged  from 2 – 2 0 ppm. 

Porou s pavem ent. In order to develop design guidelines for using permeable pavements in parking lots, Andersen et
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al. (1999) investigated the pavement’s hydrological/hydraulic behavior and its impact on evaporation and drainage

during a range of simulated rain events and interevent periods. They determined that, for a one-hour, 15-mm

simulated rainfall, an initially dry pavement could contain and infiltrate approximately 55 % of the water, while an

initially wet structure co uld retain ap proxima tely 30 %. T he ability to infiltrate signific ant quantities o f runoff,

especially as co mpared  to asphalt, was  confirmed  by Boo th and Lea vitt (1999)  in an experim ental facility. Pratt

(1999) reviewed existing information on water quantity and quality below porous pavement structures and suggested

collecting the water that infiltrates through porous pavement structures for use in non-potable applications such as

flushing toilets. Th e reuse of infiltratio n water belo w a poro us pavem ent structure wa s applied a t a Youth H ostel in

the United Kingdom and details of the design were provided in the article.

Bond et al. (1999) reported on a 13-year study of permeable pavements in the United Kingdom. They found that

microbial degradation of pollutants occurred in the pavement and that the addition of nutrients every three years was

sufficient to support the microbial population. The retention ability of a 50-year old porous pavement structure and

the soil below was investigated by Legret et al. (1999) and was modeled by LEACH M. Lead, copper, and zinc were

not found in s ignificant quan tities in the soil below  the pavem ent, i.e., surface rete ntion of those  metals, while

cadmium  was found to  have migra ted to a dep th of 30 cm  below the p avement.

Design a nd main tenanc e guidelin es. Hamacher and Haubmann (1999) compared infiltration as part of a decentral

stormwater discharge program to the more traditional method of rapid removal of stormwater from an area through a

planned drainage system. They provided information in the article about stormwater disposal through infiltration,

including co nstruction, ma intenance an d system co sts. In Stockho lm, infiltration was inc luded as p art of an ove rall

stormwater drainage plan. Bennerstedt (1999) reported on the Stockholm plans, including the financing of the

stormwater drainage system. Hasegawa et al. (1999) described the data collected during the installation of infiltration

systems in Japan and that collected by seven governmental entities on the performance of existing infiltration

systems. They also proposed a qualitative method for evaluating the applicability of infiltration for flood control and
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environmental protection. Argue (1999) described many of the misconceptions about stormwater infiltration systems

and proposed design limits and practical advice for dealing with these concerns. Noki et al. (1999) outline some of

the current research on infiltration and their app lication to establishing proper maintena nce procedure s.

Alfakih et al. (1999) describe d how siting of infiltration facilities was dependent on physical soil charac teristics,

groundw ater contam ination risk, and  socio-eco nomic co nsiderations . Their pa per prov ided an o verview of fea sibility

and design criteria for infiltration systems, including a review of currently available models and approaches. Zimmer

et al. (1999) argued for the use of physically based models to design infiltration systems, rather than the traditional

approach of using a design storm to calculate the required storage volume. They developed diagrams which allowed

the designer  to read the n ecessary stora ge volume  for the infiltration system  once the  so il’s hydraulic con ductivity

was known. Gautier et al. (1999) reported on the progressive clogging of three infiltration facilities and used the

results to develop a model for predicting the effect of clogging on the hydraulic behavior and pollutant removal

ability of the basins. Todorovic et al. (1999) also evaluated the impact of clogging on the hydraulic performance of

infiltration basins over time. They successfully tested their methodology for sizing an infiltration trench/soakaway

for the Miljakovac catchment in Belgrade. Laboratory testing using a simulated colloidal suspension was performed

by Raimbault et al. (1999) and showed that clogging began with the application of only a small amount of clay. The

wetting-drying cyc le typically seen in infiltratio n basins incre ased the am ount of clay reta ined in the up per layers of a

soil and de creased its hyd raulic cond uctivity. 

Combined Sewer Overflow/Sanitary Sewer Overflow Control 

Riverine litter occupies a spatial and temporal position in any systematic analysis of river systems and was a problem

that was increasing in scale. Quantifiable source factors of litter in the river Taff, South Wales, United Kingdom,

system were found to be mainly two - sewage inputs through CSO and fly tipping Whilst sewage-derived material

constituted approximately 23 % of all items on the river Taff, large quantities of waste, especially plastic sheeting,

originated from fly tipping sites (Williams and Simmons, 1999). Balmforth et al.(1999b) developed and tested a new

design procedure for the control of aesthetic pollutants at CSO points. If the storage in the rain water tanks can be
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used to flatten the rain water runoff, rain water tanks can have an additional benefit. The effect of rain water tanks on

the CSO emissions was therefore investigated with a reservoir model.  Compared with storage in the combined sewer

system or at the overflow, storage in rain water tanks will be more efficient in reducing the overflow emissions (Vaes

and Berlamont, 1999b).

The use of sand an d other media filters was gaining accep tance in the held of urban stormw ater structural best

management practice. Much work has been done to develop local design guidance, such as in the State of Delaware

and in Austin, Texas.  The suggested design of the media filters for stormwater runoff treatment was based on

hydraulic capacity of the filter media, which. in turn, was a function of the total suspended solids removed by the

filter (Urbonas, 1999). Walesh et al. (1999) provided a discussion of the use of on-street storage as an effective

means to co ntrol stormw ater runoff. It focu ses on the suc cess achieve d by using stree t storage in two  commun ities in

Illinois and includes a description and evaluation of how this technology eliminated surcharging and basement

flooding, co mplied with re gulations and  proved  to be a cos t-effective solution  which earne d public sup port.

As a demonstration project, the Auckland Regional Council had designed and constructed a filter device to treat

stormwater from a 3000 m2 carpark. E ight sand filters wer e installed in 19 93 to pro vide stormw ater treatmen t at a

new Alaska  Marine L ines, Inc. barg e loading ter minal along th e Duwam ish River in Se attle, Wash ington (U.S .A.). 

Constructed according to the “Delaware” design, each consists of a settling chamber where relatively large solids can

settle before the  flow passes o ver the weir o nto the sand  for filtering.  A per formance  study monito red the flow ra te

through two sand filters and the water quality of inflow and outflow (Horner and Horner, 1999). Because the Urban

Community of Bordeaux had been hit by important floods in 1982, it was decided to set an efficient management

system to control stormwater flows.  Studies have showed the significant impact of discharged effluents on the

environment, especially with regard to the contribution from CSO.  Therefore, it was of importance to improve the

management of the sewer system during rain weather and to foresee the design of new storage structures and new

treatment pla nts to integrate the  environme ntal protectio n target (Bria t et al., 1999) . 
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Overviews of WW F controls were provided by two papers. Buriean et al. (1999) summarized a comprehensive

historical literature  review, highlightin g the develo pment of W WF m anageme nt from ancie nt times to the pr esent.

The relationship between past developments, the current state, and the future of WWF management were addressed

by identifying several lessons learned. Barner (1999) discussed the problems associated with stormwater

management in a karst terrain in Springfield, Missouri. The lack of recognition of sinkholes as integral parts of

dynamic hydrologic systems may result in problems with on-site/off-site drainage.

CSO control planning. Bontus et al. (1999) described Edmonton’s proactive long-term CSO control plan, which

brought the opinions of stakeholders, including Alberta Environmental Protection, river user interest groups, the

local health authority and a representative of the University of Alberta, to the technical process, and ensured that

their input was considered in developing the plan. Newhouse et al. (1999a) described the development of a long-term

CSO aba tement plan by the City of Richmo nd, Virginia. The pro tection of recreational uses of the Jame s River was a

priority for the city. City officials at Richmond, Virginia, agreed to a joint venture with the Richmond Riverfront

Development Corporation that would eliminate CSO and restore the Haxall/Kanawha canal system. Engineers not

only had to ensure that each project's requirements and objectives were met, but also address technical and

environm ental issues witho ut compro mising the area 's recreational an d comm ercial need s or diminishin g its aesthetic

appeal or historic character (Newhouse et al. 1999b). Based on interviews conducted during 1998, Slack and

Freedm an (199 9) comp ared and  contrasted  current state-to-sta te and com munity-to-com munity differenc es in efforts

to control SSO. The variability in abatement efforts were tied into the proposed language for EPA’s forthcoming

Federal Register notice that will clarify NPDES requirements for municipal sanitary sewer collection systems and

SSO.

Other authors addressed the steps taken to achieve CSO and SSO control. In the early 1990s, the City of Auburn,

New York, was faced with the challenge of achieving CSO abatement and sanitary and interceptor sewer overflow

(SSO) elimination in its extensive, aged sewer system and achieved their overflow abatement goals by: (1)

quantifying and characterizing sewer overflows to provide a basis of design for abatement-related system

improvements; (2) selecting a principal approach of conveyance of excess WWF to a centralized high-rate treatment
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facility for a majority of the sewer system; and (3) re-evaluating and applying alternative technologies to select

portions of the sewer system to minimize project costs. Li and Banting (1999) presented a case study using a GIS

planning tool for stormwater quality management in urbanized areas. The planning tool comprised five steps: (1)

definition of stormwater retrofit goals and objectives; (2) identification of appropriate retrofit stormwater

managem ent practices ; (3) formulatio n of stormwa ter retrofit strategies; (4 ) evaluation o f Strategies with re spect to

retrofit goals an d objec tives; and (5) se lection of storm water retrofit strate gies. 

Markowitz et al. (1999) described the conceptual ideas, cost analysis and other issues that effect implementation of

watershed controls within the scope of a CSO control plan. Osaka City’s (Japan) major measures for improving CSO

include: (1) leading as great a volume of pollutants as possible to WWTP  in dry weather to avoid the pollutant

accumulation in sewers; (2) storing first flush, which contains a large volume of pollutants,  for treatment at WWTP

after rainfall; and (3) treating WWF directly. Shiomi (1999) discussed the methods used to achieve these measures

and reports the conclusions drawn from the cost-benefit analyses. A 5-year cooperative study of the Cumberland

River at Nashville (Ten nessee) allowed Na shville to alter its CSO control plan, eliminate two m ajor detention tanks,

and save $106,000,000. The study showed that neither DO depletion nor toxic material discharges were a problem,

and that a feca l coliform ba cteria prob lem would  not be solve d by plann ed detentio n tanks, or eve n by eliminating a ll

CSO (Thackston and M urr, 1999). Today conventional planning and reconstruction of both the drainage network and

the treatment plant for the same urban catchment was usually subdivided into two nearly independent parts. Walther

and Rohlfing (1999) demonstrated optimal design of a combined sewer system and sewage treatment plant for a

German city with 500,000 inhabitants by simulating the operation of both systems simultaneously, and costing each

system based on a variety of possible configurations of the other.

Additional published accounts of the experiences of various municipalities in controlling CSO and SSO provide

guidance for those beginning a WWF control program. The  City of Auburn's (New York) sewer overflow abatement

program summarized by Gorthey et al. (1999) can serve as a guide and source of information for other municipalities

faced with achieving sewer overflow abatement. Igwe et al. (1999) focused on design and operational issues
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encountered during the evaluation of the Rouge River National Wet Weather Demonstration Program, which

includes the construction of nine CSO detention basins of varying sizes and design. The City of Akron (Ohio) has

successfully imp lemented th e demon stration app roach to C SO con trol and has su pported  controls that w ill result in

measurable improvement of recreational use, aquatic life use and aesthetics of the receiving streams, including

concepts other than traditional co llection system alternatives. These include riparian setb acks in undeveloped  areas,

stream restoration, linear parks or greenways and artificial riffles for stream aeration. Merritt and Wilkinson (1999)

presented studies on wastewater collection systems, including: collection system design and construction; wet

weather control; infiltration and inflow; SSO; innovations in sewers and collection systems; infrastructure modeling;

sewer pipe maintenance and rehabilitation; sediment transport, deposition and erosion in collection systems; and

sustainable development. Protopapas (1999) reported the methodology used by New York City to abate pollution

from CSO in the receiving harbor waters based on a case study for the East River facility planning. The approach

integrates water quality studies, facility planning, environmental assessment and public participation. Wong and Nik-

Hassan (1999) presented a case study that covers the planning, design and operation aspects of implementing a

pumping drainage system into the existing drainage system at the Pasir Baru residential area in Kuala Lumpur

(Malaysia) city. Zettler et al. (1999) discussed how the City of Fort Wayne, (Indiana) has successfully applied a

consistent set of GIS-based information management tools to support both their CSO planning efforts and

preliminary design process.

Innovative C SO contr ols - source contr ols.  Innovative W WF c ontrol strategie s include using  rainwater and  runoff

for potable uses and controlling gaseous emissions from combined sewer systems. Herrmann et al. (1999) reported

on a four-story apartment building which was renovated using an innovative water concept. Roof runoff used stored

for use in flushing toilet, and excess runoff was infiltrated, allowing the building to be completely unconnected from

the stormwa ter sewer. T he authors sh owed that ind epende nt from the soil a nd the availab le space it was p ossible to

restore the na tural water ba lance again b y combina tion of rainwate r use and sub surface infiltration. L austen et al.

(1999) described the use of a biofilter to capture and control hydrocarbon odors including VOCs from a combined

sewer and an interceptor  sewer in Philadelphia, Pen nsylvania. The biofilter has proven to  be a successful process

application  for treating V OC co mpound s from the air stre am. Lim and  Lim (199 9) describ ed a uniqu e scheme to
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implement urban stormwater pond collection systems for potable water use in Singapore. Close monitoring and

control of pollution through the adoption of stringent anti-pollution measures and enforcement actions have resulted

in the collection of generally good quality raw water from these urbanized catchments with very low levels of heavy

metals and lo w coliform c ounts as com pared to r aw water from  largely forested  catchmen ts. 

Source control of WWF aims to reduce overflows by reducing inputs to the system. Schmitt et al. (1999b) described

the correct procedures for inclusion of source control measures in urban stormwater management into the Gemnan

design procedure A 128. Results obtained by long term pollution load simulations emphasized the need to review

existing guidelin es. William s et al. (1999 ) reviewed  a partnership  between the  Louisville and  Jefferson C ounty

Metropolitan Sewer District (MSD), the Louisville Education and Employment Partnership (LEEP), and the

Jefferson County Public Schools (JCPS) designed to provide an opportunity for students and teachers to work in a

paid summer internship with consulting engineering firms that contract with MSD, and assist MSD in collecting

information regarding wet wea ther issues such as misconnected d ownspouts, sump p umps, and leaky sanitary sewers.

The program, which has been successful for five years, provides a quick and cost effective investigation that

identifies inflow so urce redu ction opp ortunities for m itigation of pro perty dam age and S SO. 

Walesh et al. (1999) provided a discussion of the use of on-street storage as an effective means to control stormwater

runoff and CSO in two communities in Illinois. This technology eliminated surcharging and basement flooding,

complied with regulations, and proved to be a cost-effective solution which earned public support. Lachmayr and

Schofield (1 999) foc used on the  fieldwork tec hniques use d to identify spe cific inflow sourc es from large  buildings in

the area serv ed by the B oston W ater and Se wer Com mission, M assachusetts. 

Tunnels and  interceptors.   Tunneling and interceptors play a role in WWF. The Columbia Slough Consolidation

Conduit tunnel was a key element in alleviating CSO in Portland, Oregon. Rippe et al. (1999) described the design

and cons truction of this so ft ground tunn el project, w ith shallow gro und cove r and close  proximity to a n existing old

concrete sewer, as well as the means of sharing risks between the owner and the contractor. Lannon and Roll (1999)
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described a challenging investigation of a deep tunnel interceptor blockage near the City of Niagara Falls (New

York) that created persistent interceptor surcharging, prolonged upstream wet weather overflow following

precipitation events, and an air release effect which propels wastewater over 27 meters (90 feet) upward from the

interceptor through a drill hole during heavy rains. Roll (1999) described the diagnosis and restoration of diminished

force main c apacity in a wa stewater transm ission line linking the  City of Niaga ra Falls, New  York W WT P with its

largest pumping station. The flow limitation reduced first flush capture from the combined collection system and

occasionally resulted in manhole surcharging up to street level. Westoll (1999) described sewerage and

sewage-treatment projects intended to control combined-sewer overflows that cause nuisance during rainfall in the

town of Driffield (Yorkshire, E ngland). The pro jects include a new interceptor, co nstructed using trenchless

technolog y, and a four-b asin cyclic activa ted-sludge p lant.

Disinfection.  Disinfection o f CSO an d SSO  was practice d in many pla ces. Stinson e t al. (1999)  discussed h igh-rate

disinfection technologies for CSO, including ultraviolet light irradiation, ozone, chlorination/dechlorination, chlorine

dioxide, peracetic acid, and high-voltage electron beam irradiation. Discussions of the technologies included

commercial availability and extent of use, state-of-development when not commercial, and where available,

performance data and cost of either full-scale or pilot-scale installation. Also discussed was utility of increased

mixing in concert with any disinfection technology. In 1996, the Vallejo Sanitation and Flood Control District

(California) replaced an outdated chlorine gas disinfection system with a state-of-the art medium pressure UV

system, in com bination with a  liquid chem ical system for use  as backup  during wet we ather perio ds.  Tekip pe et al.

(1999) reviewed VSFCD ’s three-year operating history, and presented a summary of startup and post-startup

problems and the ir resulting solutions.

Litter and floa tables.  Riverine litter and  floatables oc cupy a spa tial and temp oral positio n in any systematic

analysis of river syste ms and rep resent a pro blem that wa s increasing in sc ale. Quantifiab le source fac tors of litter in

the river Ta ff, South W ales, United  Kingdo m, system were  found to b e mainly sewa ge inputs thro ugh CSO  and fly

tipping. Sewage-derived material constituted approximately 23 % of all items on the river, large quantities of waste,

especially plastic sheeting, originated from fly tipping sites (Williams and Simmons, 1999). Burgess et al. (1999)
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reported that the City of Indianapolis developed five CSO control facilities as "pilot" facilities, for the purpose of

establishing an d demo nstrating the loca l suitability and effectiv eness of the va rious techno logies that they em ploy.

Preliminary results, with emphasis on the capture characteristics of the floatable debris netting trap facilities, were

presented. Bridgeport's (Connecticut) Water Pollution Control Authority has recently faced the problem of floating

debris and the sound's high tide. These drainage problems have been successfully solved by building new

flow-control regulators with integrated automatic radio (wireless) and telephone-modem (wired) control, water-flow,

and instrumentation technologies (Morrill and Sound, 1999).

Real-time control (RTC).  RTC of combined and  sanitary sewer systems aims to reduce overflows by better utilizing

the existing storage in a systems using real-time data such as rainfall and water level data to control adjustable weirs

or pumps. Gonzalez et al. (1999) worked on the development and simulation of RTC systems for urban or

metropolitan drainage system s with CSO or flood  problems. The y reported some co nclusions and encoura ge the use

of RTC  systems on sew er systems. In resp onse to floo ds in 198 2, the Urb an Com munity of Bo rdeaux d ecided to

make improvements in their stormwater management system.  Studies indicated that CSO have a significant effect on

the environment.  Therefore, emphasis will be placed on improving the management of the sewer system during rains

and on the  design of new  storage structu res and new  treatment pla nts (Briat et al., 19 99). 

Artina et al. (1999b) presented an evaluation of the benefits given by different configurations of storage tanks in a

virtual but likely urban pilot site. The study showed that RTC, even if always useful for the reduction of overflow

volume and frequency, in some cases can increase the discharged loads, under the hypothesis of complete mixing

without settling in tanks. Fuchs et al. (1999) described the results of a study of the potential of real-time control of

CSO for the combined sewer system of the city of Dresden. The results showed a significant 5 % to 90 % (mean

more than 35 %) reduction of the overflow volumes and loads for the controlled state compared to the uncontrolled

one.

Villeneuve et al. (1999) presented a study of three types of RTC alternatives and conventional static control, applied
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to the Western section of the Quebec (Canada) Urban Comm unity (QUC) sewer system. At the end of the long term

CSO control plan it was projected that the QUC will control more than 85 % of the CSO, for a total cost of US

$107,0 00,000  which was 37  % less than w hat had be en estimated  before the intr oduction  of RTC . Risholt et al.

(1999) reported on a project  to document current discharges of pollutants and to find potential reduction by

implemen ting RTC  of the wastewa ter system in Fre drikstad, N orway. 

Offline simulations carried out with a variety of control conditions suggest that great benefits were  to be expected

using globa l control with p recise foreca st information c ompare d to a static system  with local con trol only.

Quirmbach et al (1999) presented an approach to joint operation of an urban drainage system and the corresponding

sewage treatment plant. This operation was based on real-time flood forecasts, which were  computed with the aid of

radar rainfall measurements to minimize the combined negative effects of the hydraulic load (water quantity) and the

pollution load (water quality) in the receiving waters during floods. Schmitt et al. (1999a) developed a new

management strategy of the City of Nancy’s sewage system (Lorraine, France) in order to reduce rainwater pollution

overflows using a model which simulated flows in interceptors, transport of dissolved and solid pollutants, and

precipitation, flocculation and sedimentation in WWTP . This new management strategy, optimizing the use of

existing infrastructures, aims to conciliate flood risk management and the reduction of pollution overflows into the

Meurthe River (France). Soeda et al. (1999) presented a case study of proposed improvements to combined sewer

systems with no construction of new facilities and effective utilization of existing facilities through various

modifications of stormwater pump operations. This system proved an effective means of reducing overflows and

reducing p ollutant load s from com bined sew er systems. 

Weib and Brombach (1999) examined the application, advantages, and hydraulic performance of devices for water

level control like movable weirs (self-regulating or auxiliary powered) or siphons which were  frequently used at

overflow structures in urban drainage. Special focus was given to possible critical points and limits of

application.Yagi and Sheba (1999) applied fuzzy logic control and genetic algorithms to achieve improved pump

operations in a combined sewer pumping station. It was found that current pump operations can be improved by

adding the sewer water quality to the input variables and to the fitness function; the improved operations can reduce
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not only floods in the drainage area  but also pollutant loads discharge d to the receiving waters.

CSO sto rage tanks a nd structures.   Temporary storage at CSO and SSO  outfalls, with effluent returned to the

system for treatment when system loading subsides, was a widely practiced method of WWF control. Some authors

focused on modeling and design of storage structures. Harwood and Saul (1999) described how the computational

fluid dynamics software Fluent was used to simulate the hydraulic and particle retention efficiency performance of

three extended stilling pond CSO cham bers in the United Kingdom. It was concluded that where the effective

retention of neutrally buoyant particles was a design c riterion, increasing the size of the chamber m ay not be the most

appropriate solution. Hobbs et al. (1999) discussed the use of flow equalization basins (FEB) for control of SSO and

CSO. FEB increases systems capacity dramatically by retaining excessive flows until the collection system was

better able to handle them a nd cost considerab ly less than more traditional methods. M aglionico (1999 ) proposes a

methodology for the design of CSO tanks aimed to control first foul flush in sewer networks, based on a five years

period of field continuous measurements carried out on rainfall, discharge and water quality in an experimental

catchment near Bologna (Italy). Stovin et al. (1999) compared the results of simulated flow patterns and gross solids

separation predictions with field measurements made in a full size storage chamber within an urban drainage system.

Although estimates of total efficiency based on the observed settling velocity distribution differed from the measured

values by an average of ± 17 %, the simulated efficiencies agre ed with the field observations in identifying the most

efficient configuration. Van Ma meren (1999 ) presented a method  of using the results of rain series calculations as a

design tool for stormwater sedimentation tanks, and demonstrated the method with an example.

Other papers presented case studies of CSO and SSO storage. For a better understanding of the spill over into the

receiving waters, recorded data from 90 CSO tanks with a collective monitoring time of more than 300 years were

compiled  and analyze d by Bro mbach e t al. (1999) . A ranking p rocedur e was prop osed for an  easy to hand le

evaluation of the overflow activity of CSO tanks. Hartshorne and Cadman (1999) described the design and

construction of a 12,500 m3 capacity stormwater storage tank in Westbourne Avenue, Rhyl (United Kingdom).T he

finished structure was completely buried  and incorporates ne w pumping plant to pu mp dry-weather and storm  flows.
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Kearney and Schoetlle (1999) described methods of cleaning dewatered CSO-storage basins at the Spring Creek

Auxiliary Water Pollution Control Plant, which was used for temporary storage and treatment of CSO in New York

City. Murphy et al. (1999) report on an in-line CSO storage facility constructed of bolted together precast box

culvert section s that was design ed and b uilt by local engin eers and co ntractors in the C ity of Bango r, Maine. T his

inexpensive  CSO sto rage optio n has nume rous adva ntages over  the alternatives. A  cost-effectivene ss analysis

conducted by the City of Slidell, Louisiana demonstrated that an offline storage-facility would produce a substantial

capital cost savings over multiple, decentralized line repair projects to achieve the same level of SSO control. The

completed project applies commonly accepted technology to produce a system that worked within the funding

constraints, was acceptable to the general public, and was easy to maintain for the operators (Prellop, 1999). Wada

and M iura (199 9) attempte d to reduc e CSO  using a large-sca le storage pip e, which was c onstructed  for flood co ntrol.

Using a mo vable dive rsion structure p ermitted use o f the storage p ipe for bo th flood co ntrol and C SO con trol.

CSO treatmen t.  Another approach to CSO and S SO control was to treat the effluent before it enters a receiving

water. Hufna gel et al. (199 9) repor ted on the co llection and a nalysis of data fro m six CSO  demons tration facilities in

the Rouge River watershed (Michigan) from June 1997 through September 1998, and discuss performance,

operation al experien ce, and insigh t gained on d esign of facilities from  an opera tional persp ective. And oh et al.

(1999) presented the results of testing of a novel self-cleaning CSO device at the United Kingdom National CSO

Test Facility at Hoscar WWTP, W igan, and concluded that CSO screening systems offering 4 mm two directional

screening stan dard wer e significantly mo re efficient than 6  mm screen s and might no t entail any add itional cost.

Averill et al. (1999) described pilot-scale process development and full-scale demonstration work, and discussed

considerations for the implementation of a high-rate physical-chemical treatment process that has been developed for

use in satellite treatm ent systems to co ntrol CSO  in Ontario, C anada. 

Daligault et al. (1999) reported on two settling devices treating rainwater from urban drainage areas and equipped

with secondary sludge treatment, which were monitored over a period exceeding one year. From analyses of the

settled or extra cted sludge  it was possible  to character ize the polluta nts retained in the  lamella settlers. T o estimate

the effect of enhancing settling in CSO storage basins by flocculation, a free growth and break-up model was
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developed and implemented by de Cock et al. (1999). Del G iudice and Hager (1999) discussed design and

performance pa rameters for sewer sideweirs, which in a co mbined sewer system we re used for diversion of exce ss

discharge d uring rainfalls. Also  discussed w as the throttling p ipe, which wa s a simple de vice to limit the disc harge to

treatment facilities. Dormoy et al. (1999) reported the results of a simulation of a WWT P with activated sludge, and

conclude d that it was adv isable to allow  for increased  sludge pro duction, O 2 requireme nts and also slu dge quality

(fermentability) when stormwater was treated. Faram and Andoh (1999) described the results of a program of

numerical studies that were undertaken in order to assess and optimize the fluid-dynamic performance of a novel

non-pow ered self-clean sing CSO  screening system , the Hydro -Jet Screen ™. O bservation s of the oper ation of bo th

model and prototype scale units have indicated good qualitative correspondence with the predictions in terms of

overall flow patterns, and have confirmed the superiority of the recommended design in terms of its self-flushing

capabilities. 

Green et al. (1999) examined the performance of constructed reed beds from a WWTP  with storm treatment reed

beds and  another site with a  combine d storm an d tertiary treatme nt reed bed .  The results illustra ted that sites with

combine d storm an d tertiary treatme nt reed bed s experienc ed a level o f performa nce match ing that of sites with

tertiary treatment systems, with averages of 2.2 mg/L BOD5,  3.0 mg/L TSS, 1.25 mg/L NH4-N and 12.2 mg/L TON.

Luyckx et al. (1 999) co mpared  the separating  efficiency of an im proved  high-side weir o verflow and  a hydrodyn amic

Storm King™ separator. They show that when higher removal efficiencies were wanted, the hydrodynamic separator

can technically as well as economically compete with simpler structures. The District of Columbia CSO Abatement

Program included construction of a 400-MGD  swirl concentrator at the outfall of the District’s Northeast Boundary

combined sewer; an outfall responsible for approximately 50 % of the total CSO from the District. Extensive pre-

and post-construction monitoring of instream DO concentrations up and down stream of the outfall indicate that the

separator has had a dramatic impact on DO concentrations downstream of the outfall; cumulative frequency analyses

indicate virtually no difference in DO concentrations between the upstream and downstream meters since the swirl

concentrator went online (Murphy et al., 1999). The problems created by sediment deposits in combined sewer

systems (sanitary a nd storm) inc lude a loss in co nveyance d ue to these d eposits which  contributes to  hydraulic
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overload ing, leading to flo oding , pre mature op eration of C SO, and  the washout o f sediments thro ugh CSO  into

urban watercourses during times of storm. Vaes and Barlamont (1999c) discussed the implications of new design and

analysis techniques and combinations of new and older components in combined sewer systems based on an

evaluation of the various approaches and technologies used over the last eight years in Flanders, Belgium.

Detention/Retention Ponds

Current stormwater quality control pond design in Ontario, Canada typically includes the specification of a uniform

detention time for extended detention ponds to ensure water quality control. In reality, the pollution-control

performance of such facilities was governed by two opposing forces: improved pollutant removal efficiency over

longer detention times and the decreased volume of runoff captured and treated by the facility for longer detention

times (Papa et al., 1999).

Three seasonal surveys of suspended solids were carried out in an on-stream stormwater management pond, by

means of a submersible laser particle size analyser.  Size distributions were measured at up to 17 points in the pond,

and water samples collected at the same locations were analysed for primary particles aggregated in flocs.  Using a

relationship defining the flee density as a function of flee size and Stokes' equation for settling, an empirical

relationship expressing the free fall velocity as a function of floc size was produced (Krishnappan et al., 1999).

Jacopin et al. (1999) examined the new operational management practices for detention tanks, with grassed banks

and bottom installed on a separate stormwater network, during rainfall events in order to limit flooding risk and, at

the same time, to reduce po llutant discharges by optimising the settling process.

Use of stormwater retention and detention basins has become a popular method for managing urban and suburban

stormwater runoff. Infiltration of stormwater through these basins, however, may increase the risk to ground-water

quality, especially in areas like the Coastal Plain of southern New Jersey, where the soil was sandy and the water

table shallow, and contaminants may not have a chance to degrade or sorb onto soil particles before reaching the

saturated zone. Ground water from monitoring wells installed in basins in Camden and Gloucester Counties, New

Jersey, was sampled and analyzed for volatile organic compounds (VOC), pesticides, nutrients, and major ions
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(Fischer, 1999). Crunkilton and Kron (1999) measured the toxicity of stormwater runoff before and after it had been

allowed to flow through a pilot-scale wet-detention basin.  Selected heavy metals and PAH comp ounds were

measured  in incoming a nd outgo ing-settling basin wa ter.  Daphnia magna and Pimephales promelas (fathead

minnow) were exposed to pre and post-settling basin treated stormwater runoff for three test periods of 14 days each

in 1996 and 1997.

Stormwater reuse has been incorporated into the design of wet-detention systems constructed in Florida.  Stormwater

reuse redu ces the volum e of stormwa ter discharge d downs tream thereb y decreasing  the loss of po tentially valuable

freshwater resource.  Additionally, by reusing the detained stormwater instead of discharging it, the treatment

efficiency of the stormwater detention pond was increased thereby decreasing the pollutant load delivered

downstream (Livingston, 1999). The suitability of treatment ponds for mitigation of chemical contaminant loads and

toxicity was inves tigated unde r baseflow c onditions in tw o systems serv ing urban an d industrial ca tchments (H ickey,

1999).

Multiple drainage objectives. Wada et al. (1999) investigated the possibility of using a storage tank or pond, for

both flood control and stormwater control. They found that the first flush could be directed into an initial storage

area, while peak runoff flows could b e directed to a second ary storage area. The suitable stora ge volume of the first

pond would be 1-2 mm of runoff and the secondary pond volume would be 3-4 mm of runoff. Cabot et al. (1999)

also describ ed the dua l use of pond s in Barcelo na, Spain, wh ere several d etention facilities ha ve been d esigned to

simultaneously address both flooding and CSO. The design procedure has been validated with a detailed model, and

a simplified rule has been developed stressing the use of the 10-year design storm. The 100-year design storm was

then used to obtain the design capacity of the overflow structures of the facilities. Drainage objectives in Belgrade,

Yugoslavia were to separate stormwater from wastewater in areas of existing combined systems and to limit peak

discharges by means of detention ponds in the upstream part of the drainage areas for downstream flood prevention

(Despo tovic et al., 199 9). 
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Pond sizing. Guo (1999) described a simple method to size stormwater detention basins using a volume-based

method such as provided by the Federal Aviation Administration that was applicable to small urban catchments. The

average o utflow from the  detention b asin (the mos t important as pect affecting re liability) was found  to be related  to

the time of concentration of the catchment and the duration of the design storm. Guo and Adams (1999a) described 

how the flow-capture efficiency and average detention time (the performance measures commonly used in assessing

the long-term pollutant removal effectiveness of stormwater detention ponds) can be statistically estimated. Guo and

Adams (1999b) further described the analytical probabilistic approach that can be used for evaluating designs of

detention facilities that was a computationally efficient alternative to continuous simulation. Papa et al. (1999)

described how the p ollution-prevention performa nce of detention facilities was governed b y two opposing forces:

improved pollutant-removal efficiency over longer detention times, and the decreased volume of runoff captured and

treated by the  facility for longer d etention times. T he comb ination of these  effects prod uces a max imum attainab le

level of long-term pollution-control performance at an optimal detention time. Harston and Joliffe (1999) described

the recent New South Wales (Australia) stormwater management manual which has identified three different

classifications for sediment basins. Type F and Type D basins were  designed for total containment of runoff and

discharge after a predetermined time period to allow efficient containment and release after flocculation to settle the

fine sediments.

Locating detention facilities in older areas. Rivard and Du puis (1999) de scribed how olde r drainage systems,

especially combined sewers, that frequently experience hydraulic surcharges can sometimes be improved by

restricting the inflows at the inlets, causing a limited retention of stormwater on the streets. Scott et al. (1999)

examined both onsite detention and on-site retention for a set of hypothetical urban catchments ranging in size from

14 ha to 210 ha. The objective was to achieve the same peak flow rate reduction at least cost. The onsite retention

facilities was show n to out-perfo rm the deten tion in most of the  medium to  large catchm ents. 

Modeling pond performance . Hollingwork et al. (1999) also presented an analytical probabilistic model

(MTO POND ) that used probability distribution functions of rainfall characteristics in order to develop closed form

expressions for the long term pollutant removal efficiency of stormwater ponds. Operational management practices
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for detention facilities to limit flooding risks simultaneously with reduced pollutant discharges was possible by

optimizing the settling process, as described by Jacopin et al. (1999a). They found that proper descriptions of the

particle sizes were critical and that the particle size distribution in the surface sediments were close to those of the

suspended solids in the stormwater. Jacopin et al. (1999b) further described the optimization process where the

detention facilities were empty most of the time, offering a large safety margin to protect against flooding. The

detention facilities store all of the runoff from light and medium rainfall events, consuming about half of the

detention capacity. The probability of exceeding the tank capacity was small, even for the larger storms. Adamsson

et al. (1999) found that computational fluid dynamics (CFD) was a good tool for studying the hydraulic properties of

detention basins in urban dra inage systems.

Observed pond performance . Petterson et al. (1999) studied the pollutant-removal efficiency of two stormwater

ponds in Sweden. Observed outflow pollutant conditions were independent of the influent conditions for the two

ponds. They also found that pollutant removal efficiency increased for increasing values of ratio of the pond surface

area to the watershed impervious area, up to about 250 m2/ha, while the benefits of larger ponds were not as

important. Bartone and Uchrin (1999) compared the performance of two dry-stormwater-detention facilities, one

having a concrete low-flow channel, and the other with a vegetated low-flow channel during four events. As they

expected, the detention pond having the concrete channel was ineffective for stormwater quality control. However,

the basin with the  vegetated c hannel was a lso found es sentially ineffective for  water quality imp rovemen t, with

flushing of previously captured pollutants being the most likely reason for the poor performance. The retention of

heavy metals in a wet reed-bed wetland were compared to retention in a dry-detention pond near London, United

Kingdom, by Hares and Ward (1999). A higher percentage removal occurred in the monitored wetland facility than

in the dry pond. Shatwell and Corderly (1999) examined nutrient removals in a pond in Sydney’s (Australia)

Centennial Park that receives stormwater from a 120 ha catchment that was predominantly residential. They found

significant amounts of phosphorus and sediment accumulating in the pond, especially during the small- to medium-

sized rain ev ents (appro ximately 60 %  phospho rous and 8 0 % susp ended se diment red uctions). 
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Krishnappan et al. (1999) monitored in-pond particle sizes using a submersible laser particle size analyzer, reducing

potential cha nges in particle  characteristics th at may occu r during sam pling. The  suspende d solids wer e mostly

composed of flocs, and were about 30 :m in size during winter surveys and about 210 :m during the summer

surveys. MacDonald et al. (1999) investigated the removal of heavy metals in a detention pond in Scotland. They

found that the sediment in the pond  may reach unaccep table concentrations of heavy m etals within twenty years.

Petterson (1999) examined the partitioning of heavy metals in particulate-bound and dissolved phases in a

stormwater  pond in G oteborg , Sweden. T he results show ed a clear v ariation in lead  partitioning affec ted by spec ific

conduc tivity.

Problems observed with stormwater ponds. Beyerlin (1999) described the short-comings of relying on

stormwater-detention facilities for complete m itigation of urban runoff problems. Inc reased winter flood flows,

decreased summer low flows, and a general degradation of the stream systems has occurred with development. It was

concluded that these problems persisted because of the attempt of replacing the complex interactions of the

hydrologic  cycle with a po nd, which wa s not possib le. Brown  et al. (1999 ) describe d the degra dation in qu ality in

Sydney (Australia) Centennial Park’s ponds over the past 150 years. Pond rehabilitation techniques have been

developed an d were being implem ented, based on we tland principles.

Wetlands

According to Koob et al. (1999), the successful design of constructed wetlands required a continuous supply of water

or vegetation that can withstand drought conditions.  Detention structure designs should be based on times between

events as well as on hydrologic return periods, since between events was when most evaporation and infiltration

losses were likely to occur. Serrano et al.(1999) investigated phosphorus (P) concentrations in Donana seasonal

wetlands in southwestern Spain as the wetlands started to fill following storm events after a drought. NPS N from

riverine origin was a major water quality problem throughout the world.  Hunt et al.(1999) reported that total annual

N removal for the in stream wetland was approximately 3 kg/ha per day, which was about 37 % of the inflow N.

Removal of both NO3-N and total N (NO3-N + TKN) were positively correlated to temperature with r-values of 0.77
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and 0.62 , respectively. A ccording  to Zhu and  Ehrenfeld  (1999) , the presenc e of urban a nd suburb an lands ad jacent to

wetlands may cause changes in nutrient-cycling processes, due to changes in the quality of the ground and surface

waters that drain from the developed uplands into the wetlands.  The alternations in hydrology and the input of

mineral-rich sediments, in addition to excess N  from the septic drainage and  road runoff, can appa rently cause

increases in N mineralization within the wetland sediments, thus exacerbating the direct deleterious effects of roads

and housin g on water q uality. Quantitative  estimates of de nitrification were  needed  in designing ar tificial wetlands to

optimize nitrate (NO3
–) remova l. Acetylene b lockage an d N-15 -tracer metho ds were em ployed to q uantify

denitrification in c onstructed  wetlands rec eiving agricultur al tile drainage, u sing plastic tube s to enclose in  situ

mesocosms.  Because water infiltration carries NO3
– through the anaerobic sediment/water interface for

denitrification, a subsurface-flow wetland may denitrify more NO3
- than a surface-flo w wetland (X ue et al., 199 9). 

According to Guardo, (1999) the Everglades Nutrient Removal (EN R) Project, a 1544-ha wetland, was designed and

constructed as a pilot project to gain experience on design, construction, and operation of the stormwater treatment

areas. For the 732 days analyzed (19 August 1994 through 19 August 1996), the average water inputs into the project

were as follows: 86.2 % from the inflow pumps, 11.2 % from rainfall, and 2.6 % as emerging measured and

estimated seepage from an adjacent area with higher stages; the average water outputs from the project consisted of

85.1 % from the outflow pumps, 8.9 % as evapotranspiration, and 6.0 % as a net seepage and groundwater

component. The ENR Project’s purpose was the removingof nutrients (especially phosphorus) from agricultural

drainage and stormwater runoff before entering the Everglades. The hydrology and water quality of an urban wetland

receiving stor mwater run off from a mu nicipal mainte nance gara ge were me asured du ring the summ er of 199 3 to

evaluate the wetland's water quality enhancement function.  According to Thurston (1999), hydrologic and analytical

data together suggest that sedimentation was the primary mechanism actively reducing water column concentrations

of lead and  petroleum  hydrocarb ons introdu ced to the w etland via stor mwater run off.

It was evident that existing designs for the control of highway discharges were primarily if not exclusively intended

to control runoff volumes rather than as any complementary pollution treatment function.  However, regulatory
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pressures on highway authorities and agencies were increasingly requiring that drainage controls should include

reference to water quality treatment and the clear inadequacy of conventional drainage systems has stimulated

interest in the design, implementation and operation of alternative vegetative systems, such as swales and wetlands

(Ellis, 1999 a and 19 99b).  

To ad dress the unk nowns and  design con cerns of a stor mwater we tland system, a b ench-scale ve getative-treatm ent-

cell study has been conducted for the purpose of examining nutrient and metal dynamics and removal efficiencies of

three individual plant species under various stormwater-pollutant loadings and detention times. The plant species

being evaluated are: cattails (Typha  latifolia), reeds (Phragmites sp.), and bulrushes (Scirpus sp.) (O’Shea  et al.,

1999). The design and pollutant removal performance of seven wetland mitigation sites and two detention basins

with emergent vegetation in Virginia were examined over a three-year period to assess the effectiveness of mitigated

wetlands for the control of NPS pollution and the influence of design on wetland performance as a BMP, in a study

sponsored by the Federal Highway Administration and the Virginia Department of Conservation and Recreation

(Shaw et al., 1999).  The Tollgate District Sewer Separation Project involved the separation of a combined sewer

system, and the creation of a wetland detention basin.  In addition to its stormwater detention uses, the wetland

serves as a wildlife refuge, learning center, and a local point of public outreach to bring the community together

(Lindema nn, 1999 ). 

Design guidelines. Koop et al. (1999) stress that the successful design of constructed wetlands requires a continuous

supply of water for vegetation to withstand drought conditions. They acknowledge that there were  drought tolerant

species of vegetation that can be used in constructed wetlands, however, it can take several days to re-establish the

attached bacteria communities that were  necessary for optimum pollutant removal. Lawrence and Breen (1999)

described new design guidelines for constructed wetlands. They also highlighted some areas where further

information was required to facilitate a more rigorous analysis of wetlands to optimize their selection, design, and

assessment. L awrence (1 999) de scribed a g eneric po nd and we tland mod el that can pro vide water q uality

assessments fo r a range of ge ographic  areas and in formation n eeds. 
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Persson et al. (1999) examined the hydraulic efficiency of constructed wetlands. They found that proper control of

the hydrolo gic regime o f the wetland an d optima l flow hydrod ynamics within the  wetland wer e necessary fo r their

sustainable operation. They concluded that many of the problems encountered in constructed wetlands can be

minimized, or avoided, by good engineering design principles, including optimizing their shape and layout. Rash and

Liehr (1999) also looked at the flow patterns within a constructed wetland near Wilmington, North Carolina, using

lithium chloride tracers. Short-circuiting was common in subsurface-flow wetlands, while vegetated free water

surface wetlands were well-mixed and not as subject to short-circuiting.

 

Wetlands for CSO. Liebig, et al, (1999) described the stochastic behavior of hydraulic and pollutant loadings of

constructed  wetlands for C SO and  stormwater tre atment. A co mprehen sive three-year m onitoring pr ogram o f a

constructed  CSO w etland in Ka men-M ethler, Nor thrhine-W estfalia, Germ any, was unde rtaken to mo nitor the pon d’s

effectiveness and to establish planning, design and operation guidelines. Wong et al. (1999c) reported on the

performa nce of the B raunebac h research w etland in Ge rmany and  described  the suitability of a two -paramete r first-

order-decay model for predicting the performance of the constructed wetlands for the treatment of CSO. A total of

30 CSO events were monitored and the results demonstrated the suitability and reliability of this model for SS,

BOD5, total phosp horus and  soluble reac tive phosp horus. Th e Fulda Fe llenweg wetlan d system, also in  German y,

was built in 1992, and consists of a 550 m2 soil filter planted with reeds, and a basin with a detention volume of 786

m3. Born (1999) described the performance of this system in treating CSO. The efficiency of the system was about

90  % for COD, NH4-N, SS and PO4-P and the removal efficiencies were independent on the resident times in the

system. The permeability did not decrease during the five-year monitoring period. The main design parameter for the

system was the su rface loadin g rate (usually ab out 0.011  L/m2-s). Faster rates (u p to 0.02 7 L/m 2-s) showed o nly a

negligible de crease in pe rformance . 

Observed wetland performance. Guardo (1999) examined the nutrient removal ability and the hydrologic balance

of a wetland located in South Florida over a period of two years. A 1540 ha wetland was constructed as a pilot

project as  part of a ma jor study inve stigating metho ds to reduc e nutrient disch arges into the E verglades. H unt et al.

(1999) studied nitrate removals in a wetland located in North Carolina. The average concentrations were reduced
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from 6.6 to 2.0 mg/L. Nitrate mass removals were highly correlated to inflow concentrations in the warmer months

when biological processes were more active, while the ammonia mass removals were highly correlated to inflow

ammonia concentrations during the cooler months. Moustafa (1999b) described monitoring results from Boney

Marsh, Florida. Water-loading rate, water depth, phosphorus-loading rate, and water-retention time were examined

for their influence on phosphorus removals. A simple quantitative diagram was developed that related these factors

to phosphorus removal. White (1999) described the performance of a small wetland, located near Mobile, Alabama,

for reducing suspended solids and nutrients in stormwater. The wetland system was constructed in January 1996 and

monitoring results have shown that suspended solids and total phosphorus removals were significant (up to 90 %),

but that nitrogen removals were much less (about 20 %).

Bacteria r emoval ra tes in a marshlan d upwelling sys tem were re ported b y Rusch et al.  (1999). Fecal coliform (FC)

bacteria an alyses indicated  reductions fro m an avera ge influent value  of about 1 500 FC /100 mL  to an averag e of 2

FC/100 mL in 5-foot deep monitoring wells. A filtration model predicted that the k value for the first order removal

reaction was 0.40 – 0.56/d and that the predicted content of FC in the wetland surface was near zero.

Scholes et al. (1999) described the performance of two wetlands located near London, United Kingdom. Removal

efficiencies were greater than 65 %  for Zn, Cd, Pb, and  Cu, at one site, while they were only about one -half of these

rates at the other site. They also investigated the role of microorganisms in removing the heavy metals and two metal

tolerant strains were found to accumulate Pb and Zn. It was believed that this ability may prove to be an important

year-round pollutant removal process. Lead and petroleum hydrocarbons (originating from a municipal public works

yard) were monitored in an urban wetland by Thurston (1999). Levels of these compounds in the sediments were

higher near the inlet than elsewhere. It was concluded that sedimentation was the primary mechanism responsible for

reducing the  concentra tions. Dom beck et al. (1 999) ex amined the  assimilation of tra ce metals in we tland sedim ents

at the Sacram ento (Califo rnia) Regio nal County S anitation Distric t’s Constructed  Wetland  Demo nstration Pro ject.

Six metals (si lver,  cadmium, copper,  mercury,  lead and zinc) consistently exceed mass removal rates of  60 %.

Chromiu m and nick el were ob served in co ncentrations  approa ching or exc eeding the fre shwater sed iment Pro bable

Effect Leve ls (PEL). It w as expecte d that the nicke l enters the wetlan d in a pred ominantly diss olved and  strongly
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organic-complexed form.

Problems in w etlands.  The aquatic plant community was found to dramatically degrade in an urbanizing wetland

study area located in Portland, Oregon, during studies by Magee et al. (1999). They were concerned that current

wetland management practices were replacing natural marshes and wet meadow systems with ponds, further resulting

in changes in the composition of the plant species assemblages. Revitt et al. (1999b) studied the pollutant removal at

two constructed wetlands. The behavior of suspended solids was the greatest concern, as higher outlet concentrations

were cons istently discharge d comp ared to inlet co nditions, pre sumably du e to re-suspe nsion. 

Russell (1999) was very concerned about artificial wetlands providing suitable habitats for mosquitoes in Australia.

The Ross River virus, spread by mosquitoes, was of special concern as it was responsible for thousands of cases

annually of a disease that was severely debilitating. It was suggested that mosquito control should not rely solely on

chemical and biological agents, but that the design parameters of wetlands can also be important. Shallow water and

dense vegetation promote mosquito production, while deeper habitats with cleaner steeper margins, and more open

water, produce fewer mosquitoes. Aeration and fountains can reduce larval densities and vegetation thinning can

assist mosquito predators.
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